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Protection and controlled release of chemicals through encapsulation have been 
extensively used in daily applications such as drug delivery, food processing, enzyme 
stabilization, and chemical storage. A significant need for further development in this area 
is to reduce the capsule size and to obtain more predictable performance by narrowing the 
capsule geometry distribution. For the past decade, microfluidics have been rapidly 
developed to become a popular technique for the generation of monodisperse 
single/double/multiple emulsion drops in the micrometer to millimeter size range. With 
this technique, polymeric microcapsules with a narrow size distribution can be fabricated 
by adding different polymer blends into the dispersed phase. Microencapsulation of 
reactive chemicals would provide solutions to modern industry’s demands to improve 
formula shelf life, reaction efficiency, targeted release and predictability of properties.  
 
In this project, we’ve successfully developed different systems for encapsulation of coating 
catalyst and structural epoxy with microfluidics. The particles and capsules generated in 
this project have a diameter ranging from 15 µm to 280 µm with a coefficient of variation 




successfully encapsulated in pressure-sensitive capsules composed of UV-crosslinkable 
acrylate (trimethylolpropane trimethacrylate). These capsules are monodisperse, and have 
a failure strength that can be adjusted across 2-3 orders of magnitude by changing capsule 
size, shell thickness, or microstructure. Based on pH measurement of DABCO released 
from broken capsules, the percent yield of the encapsulation process can be over 90%. In 
addition, a water-immiscible bisphenol A epichlorohydrin epoxy, EPON 825, was also 
efficiently encapsulated in acrylamide hydrogel capsules with 93 wt% in the final product. 
The released epoxy was proven to be functional and was able to react with its hardener 
without the need of agitation. Other capsules that are chemically soluble, heat-sensitive, or 
bio-compatible have also been developed. Efforts to improve production rate and better 









CHAPTER 1. INTRODUCTION 
The synthesis and fabrication of microcapsules in the 10 to 100’s microns size range for 
reactive chemical encapsulation, storage and release have received significant attention in 
the past years for different applications, in order to isolate and protect the core from the 
surrounding environment. For example, enzymes are protected from denaturing by  
solvents [1], or probiotic bacteria are shielded from high temperature and digestive     
system [2]. Similar encapsulation systems can also be used to protect chemicals from 
deteriorating due to oxidation and moisture with an inert matrix or shell [3,4]. Moreover, 
encapsulations can allow and improve the controlled release of the encapsulated ingredient 
[5] or immobilize living cells for controlled growth [6]. Polymers have become the primary 
shell material used in this area because of the high solubility in organic solvents, easy and 
versatile formation, crosslinkable nature, sufficient strength and wide variety of 
chemistries.  
 
The idea of using polymers for controlled drug encapsulation dates back to the 1960s using 
silicon rubber [7] and polyethylene [8] as encapsulation materials. The first chemistry to 
encapsulate drugs was developed in the late 70s by Mason and his collaborators [9]. Since 
then, many polymer-based encapsulation methodologies have been developed, including 




or extraction [11], phase separation [12,13] and layer-by-layer polyelectrolyte deposition 
[1]. Several release-triggering mechanisms have also been developed based on pH [14], 
temperature [15], osmotic pressure [16], chemical dissolution [17], mechanical stress [18] 
or sustained release through diffusion based on shell swelling [19]. Furthermore, in 
advanced applications such as catalyst delivery, the distribution and organization of the 
content is very important in providing consistent performance and predictable properties 
[20,21], thus developments to better control the chemical loading are essential to the 
growth of this field. 
 
Microfluidics have become one of the most useful and controllable ways to produce 
tailored particles and capsules. The majority of the microfluidic devices are built using 
poly(dimethylsiloxane) (PDMS) attached to glass [22]. These devices feature T-junctions 
in their design for emulsion generation which have been used to successfully fabricate 
acrylate core-shell structures [23] and assembling multiple layers of polymer surrounding 
an aqueous core [24]. However, strong organic solvents or siloxane-based compounds 
cannot be used in these PDMS devices due to swelling and delamination. In addition, it is 
difficult to selectively coat the channels in the PDMS devices to generate double emulsion 
drops [25]. Recently, a new type of microfluidic devices based on glass microcapillaries 
was developed by Utada et al [26]. These glass-based devices overcome the limitation of 
usable solution and the difficulty of selectively coating the channels to allow a wider array 
of solutions and suspensions for double emulsion generation [27]. Moreover, triple or 
quadruple emulsion systems were also developed and allowed additional hierarchical 




In this document, we will demonstrate different encapsulation systems for a chemical 
catalyst (1,4-diazabicyclo[2.2.2]octane, DABCO), and a structural epoxy (EPON 825), 
from double emulsion drops generated in microcapillary devices. Recent progress with 
other encapsulation approaches will also be briefly discussed. The first part of this 
document focuses on the encapsulation of DABCO, a catalyst widely used in polyurethane 
coating formulations. This project is funded by PPG Industries, Inc. Two novel approaches 
to encapsulate DABCO using double emulsion drops. The first approach uses an 
ultraviolet-crosslinkable polymer as the shell material. Trimethylolpropane trimethacrylate 
(UV-crosslinkable polymer) was used as the middle fluid of the double emulsion 
generation. Because these were designed as pressure sensitive capsules, different methods 
to control capsule strength were explored. By changing the ratio of inner/middle/outer fluid 
flow rates, capsule size and shell thickness can be changed to affect its strength. Besides 
changing capsules’ geometry, the shell strength was tailored by modifying its chemistry 
using a volatile oil (1 cst PDMS oil) as a sacrificial porogen. The capsule strength 
difference was studied with a compression setup that allows measuring failure load of 
individual capsules. Aqueous solutions (e.g. water-soluble dye, DABCO) were 
successfully encapsulated in the crosslinked acrylate capsules, and chemicals remained 
inside the capsules after drying. These microcapsules have a narrow size distribution, 
which enables precise control of concentration in coating formulations. Capsules were then 
broken mechanically in bulk and the preliminary measurements indicated a DABCO yield 
of over 90%. A second approach to encapsulate DABCO utilized poly(styrene-butadiene-
styrene) (SBS) as a flexible but easily dissolvable shell material. Stable monodisperse SBS 




SBS solution, which leaded to the formation of solid shells through syneresis. SBS capsules 
were strong in the wet and dry states, and can easily dissolve in organic solvents such as 
carbon tetrachloride or toluene to release DABCO.  
 
The next part of the document is devoted to the encapsulation of a two-part structural epoxy. 
The U.S. NAVAIR sponsored this project. Structural epoxies have been widely used as the 
composite’s matrix material. They usually come in two parts (epoxy and hardener) and 
require thorough mixing in order to have a good bonding performance. For harsh 
environments such as soldiers in the battlefield, a fast patching system is needed to quickly 
and effectively fix equipment. Our study is based on the idea of encapsulating the structural 
epoxy (EPON 825) and its curing agents in solid capsules. These capsules can then be pre-
coated to a patch material that can be used to quickly fix a damaged surface by applying 
pressure to the capsules to release and cure the two-part epoxy. An oil/water/oil double 
emulsion generation was used as a way to encapsulate EPON 825 inside polymer capsules. 
The middle fluid was composed of UV-crosslinkable acrylamide (UV-crosslinkable 
polymer), crosslinker, initiator and water, which forms a hydrogel shell surrounding the 
core. One necessity of the system is to lower the viscosity of the inner oil phase (EPON 
825) in order to flow it in the device and generate emulsion drops. After generation, double 
emulsion drops were exposed to UV light to crosslink the acrylamide solution into 
hydrogel-like shells, and after removal of water, dry capsules served as the container for 






In addition to the above-mentioned systems, preliminary data with other encapsulation 
schemes were also included in the document. Dibutyltin dilaurate, a water-immiscible 
catalyst, cannot be dissolved in water like DABCO, thus the acrylamide hydrogel capsules 
were used to achieve the encapsulation. With a crosslinking procedure tailored for DBTDL, 
monodisperse hydrogel capsules were successfully obtained, and the wt% of DBTDL in 
final dry powder was calculated to be 84.2%. Moreover, a biocompatible encapsulation 
method was developed that could be used in areas such as drug delivery and agriculture. 
Cellulose nanocrystals (CNCs), the crystalline regions of elementary microfibrils found in 
trees, have generated large interest because of its abundance, remarkable chemical and 
mechanical properties and also the capability of surface chemistry modification. This 
project is based on the idea that dry CNC particles can re-hydrate and swell to release 
chemicals to the surrounding environment through diffusion. CNC solutions were 
processed in both single and double emulsion generations. These particles were harvested, 
dried and re-hydrated in water with the help of UV-crosslinkable polymer, poly(ethylene 
glycol) diacrylate (PEGDA) for CNC structure fixation. While CNC single emulsion drops 
allow direct control of the concentration (< 12 wt%) from the beginning solutions, CNC 
double emulsion drops allow the concentration goes up to 61 wt% in the final product, by 
controlling the diffusion of water from the core to the continuous phase. Another novel 
encapsulation is the development of heat-sensitive capsules by using Intelimer 13-6, which 
a neat Tg at 65 °C. Preliminary results showed that drops can be generated by processing 
Intelimer’s solution in organic solvents (e.g. chloroform). Solid encapsulation media 
(capsules, particles) can then be obtained after the removal of solvent. When heated, the 




allowing a potential temperature triggered releasing of chemical. Developments of this 







CHAPTER 2. EXPERIMENTAL SETUP 
2.1  Introduction 
Microfluidic drop generation based on microcapillary devices is the primary microscapsule 
generation technique used in this project. For double emulsion generation, three solutions 
are needed and these three fluids are usually called outer, middle, and inner fluids 
respectively. Although some solutions and procedures will be slightly different for each 
systems, the experimental setup is generally the same. To avoid redundancy, in this chapter, 
we will focus on the general experimental setup for drop generation, including solution 
compositions, device preparation, emulsion generation and characterization techniques. 
The specifics of each system scheme will be discussed in their respective chapters. 
 
2.2  Device Preparation 
The microfluidic device used in this project is composed of two tapered round capillaries 
(input and exit) inside a square capillary fixed to a glass slide base. Solutions are injected 
into the device through plastic blunt luer-stubs attached to the glass capillaries. A pipette 
puller (model P-97, Sutter Instruments, Novato, CA) was used to heat and pull the glass 
capillaries (inner diameter: 0.580 mm, outer diameter: 1.000 mm, World Precision 
Instruments, Sarasota, FL) into two equal-sized, tapered capillaries. The tips of the tapered 




 (Micro Forge MF830, Narishige, Japan). Typical sizes for the capillary tips range from 20 
to 200 µm depending on the needs. These tapered capillaries and the square capillary were 
then treated with either hydrophobic or hydrophilic coatings. The hydrophobic solution is 
composed of 9.3 ml of 200 proof ethanol (KOPTEC, King of Prussia, PA) and 0.5 ml of 
chlorotrimethylsilane (Sigma, St. Louis, MO). The hydrophilic solution is composed of 9.0 
ml of 200 proof ethanol (KOPTEC, King of Prussia, PA), 0.5 ml of DI-H2O, 0.1 ml of 
acetic acid (Sigma, St. Louis, MO) and 0.2 ml of 2-[methoxy(polyethyleneoxy)propyl] 
trimethoxysilane (Sigma, St. Louis, MO). Coatings are applied by first immersing the 
capillaries in the solutions for 10 minutes after 1-2 minutes of sonication in the ultrasonic 
bath (2510 Ultrasonic Cleaner, Branson Ultrasonics Co., Danbury, CT), and then cured on 
a hot plate (VWR, Radnor, PA) at 110 °C for another 10 minutes. For water/oil/water 
double emulsion generation needed for DABCO encapsulation, the input capillary is coated 
hydrophobic while the exit capillary is coated hydrophilic. For oil/water/oil double 
emulsion generation in EPON 825 encapsulation, the coatings were reversed. After the 
coatings are applied, the round glass capillaries are inserted and aligned in the square 
capillary. Because the outside diameter was chosen to be the same as the inside width of 
the square capillary, the tips of the round capillaries can be well aligned to generate the co-
flow, a necessary factor for double emulsion generation. Three 20G luer-stubs (Intramedic 
Luer Stub Adapters, Beckton Dickinson, Sparks, MD) were used as the input connectors 
for the three fluids. Every opening was fixed with marine epoxy (Henkel, Rocky Hill, CT) 
and/or 5-minute epoxy (Permatex, Solon, OH). The marine epoxy, although takes 24 hours 
to cure, contains silica content and other chemicals to protect the device from the attack of 




Schematics of a typical device and the region where the tips meet are shown in Figure 1a. 
Photo of an actual device is shown in Figure 1b.  
 
 
Figure 1. (a) Schematic of the microcapillary device and the region where the tips meet, 
and (b) photo of a double emulsion microcapillary device. 
 
2.3  Double Emulsion Generation and Optical Characterization 
In general, three fluids are used for double emulsion generation. They are termed as inner, 
middle and outer fluids. For emulsion generation, the inner fluid should not mix with the 
middle fluid, and it’s the same requirement for middle and outer fluids. The fluids used can 




applications. Details of the fluid compositions will be discussed in the respective chapters 
below. The drop generation has been depicted in Fig. 1a. In general, the inner fluid flows 
inside the input capillary while the middle fluid flows in the space between input and square 
capillaries. These two fluids flow in the same direction and from a co-axial fluid jet at the 
end of input capillary. The outer fluid flows in the space between exit and square capillaries, 
and hydrodynamically shears the co-axial fluid jet of inner and middle fluids, forming 
monodisperse double emulsion drops near the entrance of exit capillary. Glass syringes 
(Hamilton Gastight, Hamilton Co., Reno, NV) were used to inject fluids into the device. 
The syringes were connected to the luer-stubs with fine bore polyethylene tubing with an 
inner diameter of 0.86 mm and an outer diameter of 1.27 mm (Smiths Medical ASD, Inc., 
Keene, NH). The syringes were then placed on syringe pumps (PHD 2000, Harvard 
Apparatus, Holliston, MA) to control the fluid flow rates. The emulsion generation was 
visualized in an inverted microscope (Axio Observer, Zeiss America, Peabody, MA) 
equipped with a fast camera (Phantom V9, Vision Research, Wayne, NJ, or later a Photron 
FASTCAM MINI UX199, Photron USA, Inc., San Diego, CA) capable of capturing 
pictures of up to 800,000 frames per second. After generation, drops will be crosslinked or 
solidified into capsules and particles. Details of this step are reported in the chapters below 
for different encapsulation systems. To visualize the drops, particles and capsules, an 
aliquot of the sample solution were collected in rectangular flat capillaries (Vitrocom, 
Mountain Lakes, NJ) with dimensions of 4 × 0.4 × 55 mm for width, height and length. 
The flat capillaries were glued to a glass slide and the ends were covered with epoxy to 
reduce evaporation. Dry samples were typically observed by directly placing on a glass 




Leitz, Wetzlar, Germany) with a QICAM digital camera (QICAM 12-bit Cooled Color Fast 
1394 Cooled, Qimaging, Surrey, BC, Canada) or the fast camera. Optical images were 
analyzed with a free image analysis program, ImageJ (National Institutes of Health, 
Bethesda, MD) to the inner and outer drop diameters. Scanning electron microscopy (SEM) 
of dry particles and capsules was performed with an FEI Philips XL-40 SEM (FEI, 
Hillsboro, OR) after coating samples with sputtered gold. Other characterization 
techniques for specific systems will also be discussed in the respective chapters. 
 
2.4  Measurement of Mechanical Properties 
The load to failure and force-displacement curves of the fabricated particles and capsules 
were measured using an “in-house” built compression apparatus (Fig. 2). The apparatus, 
containing a load cell and a motorized stage, was mounted on an inverted microscope, and 
parts were connected with 1/4-20 and M3 screws. The stainless steel indenter tip was 
customized at Purdue Artisan Fabrication Lab to have a 100-µm diameter flat tip. This tip 
was mounted on a shear beam load cell (0.78 kg – 20 kg micro load cells, Phidgets Inc., 
Calgary, Alberta, Canada) with a precision at 0.05% of full scale. The applied load was 
converted by and monitored with a PhidgetBridge Wheatstone Bridge Sensor Interface 
(Phidgets Inc., Calgary, Alberta, Canada) connected to PC, and the calibration was 
performed with its own software. Connected through a customized right angle connector, 
the position of the load cell and indenter tip can be adjusted to align the tip to the center of 
the microscope view. The load cell’s vertical movement is then controlled with a motorized 
stage capable of a minimum speed at 0.22 µm/s (T-LSM025A, Zaber Technologies Inc., 




movement of the stage and the load cell readings were controlled and monitored through 
Labview software (National Instruments Corporation, Austin, TX). During the 
compression test, samples were placed on a 1/4” thick glass disc (McMASTER-CARR, 
Chicago, IL) to allow microscope observation and minimum machine compliance. In 
addition, some preliminary mechanical measurements were also performed with a Hysitron 
TI 950 Nanoindenter (Hysitron Inc. Minneapolis, MN), LECO KM 247AT and LECO RT-
370 micro hardness testers (LECO Corporation, St. Joseph, MI). 
 
Figure 2. Photos of (a) the micro-mechanical setup built on top of an inverted microscope 




CHAPTER 3. DABCO-ACRYLATE CAPSULES 
3.1  Introduction 
DABCO is an active catalyst widely used in polyurethane coating formulations. It was 
typically mixed in the coating formulations before shipped to customers, and the 
formulations have short shelf life because of its high reactivity. Also, the temperature of 
the chemical tank has to be kept cool during the transportation to reduce solution change 
and safety hazard. The cost associated to current solution storage and transportation can be 
potentially reduced if DABCO is shipped separately in microcapsules, so it can be released 
right before using the coating.  
 
In this chapter, the encapsulation of DABCO in pressure-sensitive acrylate microcapsules 
is demonstrated. Trimethylolpropane trimethacrylate (TMPTMA, or simply acrylate in this 
document) is commonly used for commercial applications such as increasing the strength 
and chemical resistance of rubber or coatings [30,31]. Acrylate is water immiscible and 
has a low viscosity (0.07 Pa·s at room temperature), making it an ideal choice for 
water/oil/water double emulsion generation in microfluidic devices. A quick example of 
using this UV-crosslinkable acrylateto encapsulate water-soluble content is shown in Fig. 
3a. To illustrate the encapsulation ability of the capsules, 2 vol% of green dye (McCormick, 




capsules after they have been dried under ambient conditions. The capsules are 
monodisperse and also strong enough to resist aqueous capillary stress during evaporation 
in ambient conditions. Notice that the dry capsules appear green, indicating the non-volatile 
pigment in the dye remains encapsulated. These capsules can be crushed with external 
stress and they appeared to be rigid and brittle (Fig. 3c). Furthermore, they have shown to 
preserve the green dye after being suspended in water for almost 3 years (Fig. 3d).  
 
Figure 3. Optical images of (a) formation of acrylate double emulsion drops near the 
entrance of exit capillary, (b) a group of dry acrylate capsules containing the green dye,     
(c) crushed acrylate capsules and (d) photo of a 3-year-old sample of acrylate capsules 
containing green dye solution, notice the capsules all sediment to the bottom and no leakage 
of dye into the continuous phase was noticed.  
 
The results shown in Fig. 3 indicate that acrylate capsules could serve as long-term storage 
micro-containers, and the same acrylate capsules were used to encapsulate DABCO. In 




volatile oil to change its microstructure to obtain weaker capsules and smaller residual 
capsule material.  
 
3.2  Experimental Setup 
3.2.1  Emulsion Solutions 
Acrylate capsules are fabricated based on the water/oil/water double emulsion system, 
which uses three different fluids. Since the main focus of this section was the encapsulation 
of 1,4-diazabicyclo[2.2.2]octane (DABCO), the inner fluid was composed of 0.2 g/ml of 
DABCO (Sigma, St. Louis, MO) in DI-H2O. The outer fluid, which serves as the 
continuous phase, was 40 wt% glycerol (more than or equal to 99% (GC), Sigma, St. Louis, 
MO) and 2 wt%poly (vinyl alcohol) (PVA) (molecular weight: 13,000-23,000 g/mol, 87-
89% hydrolyzed, Sigma, St. Louis, MO) in DI-H2O. The shell-forming middle fluid for 
acrylate capsules was composed of 99 wt% trimethylolpropane trimethacrylate (TMPTMA, 
stabilized with hydroquinone monomethyl ether) (TCI, Tokyo, Japan) and 1 wt% of 2,2-
dimethoxy-2-phenyl-acetophenone (Sigma, St. Louis, MO). This acrylate solution was also 
diluted at different ratios with octamethyltrisiloxane (1 cSt PDMS oil, Clearco Products, 
Bensalem, PA) for microstructure modifications.  
 
3.2.2  Emulsion Generation and Capsule Collection 
The general emulsion generation has been discussed in Chapter 2. In short, monodisperse 
drops were generated when the inner fluid and middle fluids were hydrodynamically 
sheared by the outer fluid. The key in this experimental setup is the UV exposure needs to 




coalescence. As the DABCO-acrylate double emulsion drops travelled down the exit 
capillary, UV exposure was applied with UV lamp (CE-6-BL, American Ultraviolet Co., 
Lebanon, IN) to quickly crosslink the shells. The collected capsules were post-cured under 
UV exposure for one hour to ensure full crosslinking. These capsules were then rinsed with 
and collected in water, or dried for future use. Later, when oil was added to the middle 
phase, double emulsion drops would cream in the continuous phase due to density 
difference. Because of the high volatility of the oil, drops become unstable over time and 
coalesce. The modification to the system is shown in Fig. 4. A piece of transparent tubing 
with larger diameter was connected to the device and the drops’ travel speed was reduced. 
UV exposure was applied within 10 seconds of drop generation to quickly crosslink the 
shells before exiting the tubing. Capsules can then be directly collected on a funnel with 
filter paper to speed up the continuous phase removal and the drying of the capsules. The 
collected capsules were eventually rinsed with water and removed from the funnel while 
adhered to the filter paper for another hour of post-curing to ensure full crosslinking of the 
shells. These capsules were then collected in vials for future tests and characterizations 





Figure 4. Schematic of the modified setup for crosslinking and collection of acrylate 
capsule when early crosslinking is needed. 
 
3.3  Results and Discussions 
3.3.1  Double Emulsion Drop Generation 
Double emulsion drops containing DABCO were generated in a single step with 
microfluidics. Fig. 5a shows the generation of the drops near the exit capillary tip. The 
inner and middle fluids meet at the entrance of the exit capillary and are sheared by the 
outer fluid. At the right flow rates, the co-flow of inner and middle fluids break into double 
emulsion drops in one single step. This behavior is due to Rayleigh-Plateau instability 




jet. Monodisperse double emulsion drops break from the coaxial jet and move down the 
exit capillary. Utada et al. [26,27] demonstrated the flexibility in tailoring the drop size by 
changing the flow rates. For example, when Qinner + Qmiddle was kept constant, as the ratio 
of Qouter/(Qinner + Qmiddle) increases, the shearing effect from the outer fluid (continuous 
phase) will cause a size reduction, up to about one order of magnitude for both the outer 
and inner drop diameters. Additionally, the shell thickness can be tuned by changing Qinner 
and Qmiddle together or individually. All these will allow finer tunings of the capsules to 
meet specific needs. The three fluid flow rates for the specific sample were: Qouter = 10,000 
µl/hr, Qmiddle = 2,000 µl/hr and Qinner = 2,000 µl/hr. The drop diameters were measured with 
the image processing program ImageJ, and the outer and inner drop diameters at the 
generation were 222 µm and 178 µm, respectively. Note that due to density difference 
between inner and middle fluids, the collected drops normally had off-centered cores. 
Collection was done in a 20 ml vial prefilled with 5 ml of water and the UV exposure was 
applied within 1 minute of generation. Fig. 5b shows a group of acrylate capsules collected 
at the end of the exit tubing, indicating a coefficient of variation (CV) less than 3%. Also, 
these capsules were fully crosslinked based on the rupture appearance when they were 
crushed between two glass slides (Fig. 5c). Drop generation was stable for hours, and a 
piece of larger diameter exit tubing was used to avoid clogging due to occasional flow 
fluctuations. Each sample was collected for 1 hour and exposed to UV for another 30 





Figure 5. Optical images of (a) formation of DABCO-acrylate double emulsion drops near 
the entrance of exit capillary, (b) a group of partially crosslinked acrylate capsules collected 
at the end of exit tubing, and (c) capsules shown in (b) were intentionally crushed to check 
the crosslinking condition.  
 
The acrylate capsule size and shell thickness ratio can be adjusted independently. The 




presented here focuses on changing the drop size by independently adjusting the flow rates. 
The inner and outer drop diameters as well as the shell thickness ratio (average shell 
thickness over outer drop radius) are plotted as a function of flow rates in Fig. 6a. The outer 
flow rate was fixed at 8,000 µL/hr and the middle, at 1,500 µL/hr. When the inner fluid 
flow rate increased from 600 µL/hr to 2,400 µL/hr, the inner drop diameter increased from 
189 µm to 213 µm, while the outer drop diameter decreased from 280 µm to 255 µm. This 
results in a net shell thickness decrease from 91 µm to 42 µm and thus a shell thickness 
ratio decrease from 0.33 to 0.16. Similarly, fixing the inner and outer flow rates to 1,000 
µL/hr and 8,000 µL/hr respectively, and varying the middle fluid flow rate from 700 µL/hr 
to 2,000 µL/hr leads to a shell thickness ratio increase from 0.13 to 0.28. Fig. 6b and Fig. 
6c show optical images of collected acrylate capsules with different shell thickness ratios. 
Capsules in Fig. 12b were generated with Qouter = 8,000 µl/hr, Qmiddle = 1,500 µl/hr and 
Qinner = 2,200 µl/hr and the shell thickness ratio was 0.17. When Qinner was changed to 800 
µl/hr for the sample in Fig. 6c, the shell thickness ratio increased to 0.29. Furthermore, 
changing the outer fluid flow rate could change the outer drop diameter too. Lower outer 
fluid flow rate would lead to larger drops. For example, capsules in Fig. 6d were generated 
with Qouter = 30,000 µl/hr, Qmiddle = 1,500 µl/hr and Qinner = 1,000 µl/hr and the outer and 
inner drop diameters were 165 µm and 121 µm at the generation, 151 µm and 114 µm after 
crosslinking. When Qouter was changed to 3,000 µL/hr with the other two staying 
unchanged, the outer drop diameter and the inner diameter increased to 324 µm and 247 





Figure 6. (a) Plot showing the change in drop size along with inner fluid flow rate change 
when the outer and middle flow rates were set at 8,000 and 1,500 µL/hr, and optical images 
of crosslinked acrylate capsules generated with different flow rates (outer, middle, inner, 
unit: µL/hr) at: (b) 8,000, 1,500, 2,200, (c) 8,000, 1,500, 800, (d) 30,000, 1,500, 1,000 and 




3.3.2  Harvesting of Capsules 
After crosslinking, the original continuous phase was replaced with water three times. 
Excess water was removed and the capsules were left in open vials inside the fume hood 
to dry for 72 hours (Fig. 7a). In solution, the crosslinked capsules had a yellow appearance 
that gradually faded to white. This color change had been checked, and was found to be 
related to acrylate’s crosslinking and drying, and not to DABCO inside the capsules. The 
harvested samples also appear very consistent between different generation runs. After 
drying, the DABCO-acrylate capsules appear as a white powder and feels like rigid spheres 
when touched with fingers (Fig. 7b). Fig. 7c is the optical image of the dry DABCO-
acrylate capsules. Diameter of the dry capsules was 222 µm, the same as the crosslinked 
capsules suspended in the continuous phase. When capsules were crushed, it appeared that 
all water in the core had evaporated (Fig. 7d). Also, the crystalline-like solid seen in Fig. 
7c was found to be attached to the inside of the capsule shells, and looks similar to solid 
DABCO precipitated from the aqueous DABCO solutions. Because only water and 
DABCO were in the original core solution, we can safely say that DABCO have been 





Figure 7. Photos of (a) DABCO-acrylate samples being dried after triple washes. Notice 
the color change associated with drying. Samples in the first row were made 24 hours 
earlier than the second row, and samples on the right were made earlier than the samples 
on the left in the same row, and (b) dry DABCO-acrylate samples showing good 
consistency. Optical images of (c) a group of dry DABCO-acrylate capsules and (d) an 




3.3.3  Characterization of DABCO Encapsulation Yield 
Although we’ve successfully encapsulated DABCO solids inside the acrylate capsules and 
all capsules appeared to contain DABCO (Fig. 7c), the volume percentage of DABCO in 
the core appears quite low. It is important to know if this is because DABCO leaked 
through the capsules or simply because of its concentration in the starting solution. Based 
on the fact that DABCO’s concentration in water would greatly affect the pH value of the 
solution (Fig. 8), experiments were designed to check the percent yield of DABCO after 
encapsulation. The almost linear relationship shown in Fig. 8 serves as a guideline to 
estimate the amount of DABCO released from the capsules. 
 
Figure 8. Plot showing the relationship between measured pH of DABCO solutions and 
their concentrations. 
 
The first experiment was based on measuring the pH of crushed DABCO-acrylate capsules 




1,500 µl/hr and Qinner = 1,000 µl/hr and three identical samples were prepared. Each sample 
was collected for 21 minutes, followed by triple washing with DI-water. After that, the 
continuous phase was removed and the sample was left to dry in a glass mortar for 1 hour 
before grinded for 15 minutes. Samples were checked on the microscope to ensure that 15 
minutes of grinding is enough to break all the capsules. Then, 17.5 ml of DI-water was 
added to the mortar and the solution/suspension was mixed. If no DABCO was lost during 
the procedure, the final solution prepared with ground capsules would have a DABCO 
concentration of 0.004 g/ml. After being centrifuged, the pH value of the solution was 
measured and compared to a standard 0.004 g/ml DABCO solution. Table 1 shows the 
measured pH values associated with different samples at different times. Although the pH 
would change with time after the preparation of DABCO solutions, the pH values of the 
capsule samples are very close to the standard solutions measured at the same time, 
indicating high encapsulation efficiency. 
 
Table 1. Measured pH of DABCO solutions at different times. Three similar DABCO-












DABCO-Acrylate #1 9.62 10.42 10.32 9.45 
DABCO-Acrylate #2 9.65 10.43 10.35 9.45 
DABCO-Acrylate #3 9.70 10.42 10.27 9.45 
0.004 g/ml Standard 




The second yield check was based on similar ideas except it’s related to capsules that have 
been dried for days. This would be closer to what happens in an actual application scenario. 
Based on the starting solutions’ compositions and the flow rates used (the same sample 
shown in Fig. 7), if there’s no loss of acrylate and DABCO, and all water has evaporated, 
the weight fraction of DABCO in dry samples should be 14.3 wt%. With this value, 0.420 
g of dry capsule samples were weighed, crushed and mixed into 15 ml of water. Based on 
previous calculation, a DABCO solution with 0.004 g/ml concentration will be obtained. 
At the same time, a fresh 0.004 g/ml standard DABCO solution was also prepared for 
comparison. The results show that the pH value measured from dry capsules was 10.37 
while the standard solution was 10.43. The difference might be because a small amount of 
water still existed in the dry samples due to the hygroscopic nature of DABCO. Note that 
more precise characterization of reactive DABCO can be carried out based on chemical 
reactions and wasn’t performed in our lab due to limited resources. In summary, solid 
acrylate capsules that could encapsulate DABCO were fabricated. These monodisperse 
capsules are able to maintain their core-shell structure through the whole procedure. Dry 
acrylate capsules could be mechanically crushed to release DABCO, and the pH 
measurements of the samples indicated the encapsulation efficiency, or percent yield, was 
over 90%.  
 
Furthermore, DABCO is known to have a relatively low sublimation temperature at 20°C 
and thus is unstable in raw powder form. In that sense, the above experiments not only 
proved a high percent yield for the encapsulation process, but also showed that DABCO 




to demonstrate the protection of DABCO at room or elevated temperatures (Fig. 9). The 
solid circle data below shows the mass loss of as-received DABCO under ambient 
environment. DABCO powder was left on a petri dish and its mass was measured with a 
weighing scale at different times. Only 31% of powder was left after 1 day, and percentage 
continued to decrease until it reached 0%. When raw powder was placed at an elevated 
temperature of 50°C, it sublimed much faster and reached 0% in less than 5 hours. In 
comparison, encapsulated DABCO shows much better stability and the mass loss was 
unnoticeable for the observed time range. Note that a more consistent measurement method 
for this experiment can be performed with thermogravimetric analysis (TGA), which could 
allow continuous weight measurement in a more controlled environment. 
 
Figure 9. Plot showing the mass loss of different DABCO samples at different temperatures. 
Solid dots are for as-received raw DABCO powders. Hollow dots are for DABCO 




3.3.4  Capsule Strength Measurement 
Since these DABCO-acrylate capsules are designed as pressure-sensitive capsules for 
applications such as spraying against a substrate, it is important to study their deformation 
under stress and measure their failure strengths. A very common evaluation of the capsule’s 
mechanical properties is to measure the compressive strength when it’s being pressed 
between two parallel plates [34,35]. Other than this traditional setup, nanoindentation is 
another method that can be used to measure the micromechanical properties of 
microcapsules [36]. Other techniques to study microcapsules’ mechanical behaviors 
include using AFM force spectroscopy [18] and using theoretical models to predict the 
effect of porosity inside the shells [35]. Based on the available resources, we built our own 
setup for micro-mechancial measurement (shown in Chapter 2.6). 
 
The machine compliance needs to be characterized to obtain the true load-displacement 
curve of tested sample. The machine compliance comes from two parts. The first part is 
everything on top of the sample, i.e. the motorized stage, right angle adaptor, load cell, 
indenter and all the connection parts.  The setup was designed to minimize the looseness 
and compliance of those parts as much as possible. The second part is the structure 
underneath the sample, mostly the substrate. Initially, a typical glass slide was used as the 
substrate but it bent significantly under the compressive force, resulting in large machine 
compliance. To find the best substrate, several different substrates were compared. Results 




Figure 10. Photos of three different substrates for mechanical test: (a) on metal stage 
(reference), (b) on 1/4” thick glass disc, (c) on 1/16” thick glass slide, and (e) plot showing 
the comparison of associated load-distance curves for machine compliance analysis. 
 
The first image shows the indentation on top of the microscope metal stage. This works as 
a reference. The second image shows the indentation on top of a 1/4” thick glass disc 
customized to fit in the microscope stage opening. The third image is for indentation on 




have approximately linear relationships for load vs displacement. The stage test gave a 
load-distance relationship of y = 0.0376x (R2 = 0.998), while it’s y = 0.0290x (R2 = 0.998) 
for the 1/4” thick glass disc and y = 0.0134x (R2 = 0.997) for the 1/16” thick glass slide. 
The 1/4” thick glass disc was picked as the substrate because it provides the smallest 
machine compliance while still allowing observation with the microscope, which is 
essential for indenter-sample alignment and cracking observation along the compression 
direction. 
 
After the 1/4” thick glass disc was picked as the substrate, system compliances at different 
positions or repeatedly at the center were also compared (Fig. 11). Five spots on the glass 
disc were picked: the center of the disc and the middle point of radius at four directions. 
The schematic in Fig. 11b shows the relative locations of the microscope support, as it’s 
only available at the top and bottom (viewing from the front of microscope). The linear fit 
results (not shown) indicated that the machine compliance is always linear near the central 
area of substrate. The curve slopes are similar but there are noticeable differences. Fig. 11d 
shows that the curves are very consistent while indenting at the same position. Based on 
these results, the compression test should always be performed near the substrate center 






Figure 11. (a) Photo of the glass disc, with the tested spots marked from 1 to 5,                                  
(b) schematic showing the tested spots while facing the front of the microscope, (c) 
compliance curve comparison for different spots and (d) compliance curve comparison for 
repeated tests in the center (point 1) of the disc. 
 
Following the subtraction method that others have used to exclude the machine compliance 
from the obtained load-displacement curves [37,38], the actual load-displacement curve of 
tested sample can then be obtained. The plot in Fig. 12 shows an example of how load-




linear fit was first applied to the machine compliance curve (cross marker). In this case, the 
fit results was y = 0.0313x (R2 = 0.999). With this equation, the system compliance was 
calculated for each data point of the initially obtained experiment curve (triangle marker). 
Subtracting the calculated individual system compliance from the initially obtained 
displacement of each data point, the actual load-displacement curve can be obtained for the 
particle (circle marker). The result indicated a strain of 12.8% along the direction of 
compression. To double check, the video captured from a horizontal direction was 
compared using ImageJ. The two images in Fig. 12 are related to the moment when particle 
was in contact with the indenter and the moment right before the catastrophic failure. By 
measuring the height change of particles, we obtained a strain of 13.1%. This is very close 
to the load cell measurement and the difference is acceptable considering the noise and 
optical interference in the side view video. This proves that the subtraction method is valid 






Figure 12. Plot of three curves for machine compliance, experimentally measured load-
displacement curve, and actual particle load-displacement curve after subtraction. The two 
images are the side view observations of the particle when it just got into contact with the 
indenter tip (left) and when it was just before the catastrophic failure (right). The dashed 
line shows the original position of the substrate. The dashed circle shows the original shape 
and position of the spherical particle. The time stamps on the images are related to real 
time passed during the test.  
 
Generally, for capsules made with the same material, their strengths can be controlled by 
shell thickness ratio (thickness/radius, t/R) and outer diameter. When t/R value is fixed, 
larger capsules are proportionally stronger than smaller ones [34,39]. The following 
discussion focuses on the effect of capsule shell thickness (t/R) on its strength while their 
outer diameters stay constant. Fig. 13a-13d are bright field images of acrylate capsules 
fabricated with similar overall size but different t/R values. This was achieved by changing 
the three fluid flow rates as previously discussed in Chapter 3.3.1. The inner and outer 




with SEM. Each sample was dried and then ten capsules of each batch were tested with the 
micro-mechanical tester. Fig. 13e shows that when t/R increased from 0.10 to 0.28, 
capsules’ average strength increased from 0.43 N to 1.02 N. Notice that the distribution of 
failure load for thicker capsules was generally larger, because during compression, the 
orientation of these off-centered core-shell structures (due to solution density difference as 
mentioned earlier) affects the crack initiation and propagation more significantly for 
thicker capsules. Thinner capsules will give more narrow distribution in the failure load 
and potentially gives more controllable properties in the actual application. The capsule 
breakage curves shown in Fig. 13f indicate that thicker capsules have not only larger failure 
loads, but also higher moduli and small failure strains. Understanding the capsule 
mechanical behavior under compression will require more investigations in the future to 





Figure 13. Optical images of crosslinked acrylate capsules with thickness ratio (t/R) at        
(a) 0.10, (b) 0.17, (c) 0.21, and (d) 0.28. And Plots showing (a) the relationship of failure 




3.3.5  Modification of Acrylate Microstructure 
The pure acrylate capsules work very well for DABCO protection and storage but a 
negative side effect is that capsules break into large pieces. Since DABCO is used as a 
coating catalyst, large pieces of capsules could affect the finish and performance of the 
coating. In addition, the current capsules are relatively strong for simultaneous breakage of 
multiple capsules together. The difficulty of breaking thousands of capsules together was 
noticed both in our lab and by our collaborator at PPG. A solution to this issue is to 
introduce a sacrificial phase into the dense acrylate network. There have been multiple 
reports of successfully generated porous microstructure by adding different organic 
solvents to acrylate [43-45]. Mixtures prepared by adding toluene, carbon tetrachloride, 
chloroform, ethyl acetate or solutions of polystyrene in ethyl acetate were tested in the lab 
and a few combinations could indeed reduce acrylate strength. However, because organic 
solvents can easily dissolve catalysts like DABCO, using them as the modifier of acrylate 
shell is not ideal. Also, they usually have high toxicity and could affect emulsion stability. 
Adding 1 cSt PDMS oil into acrylate was later found to be the ideal solution. This oil mixes 
easily with acrylate at any ratio, has a low solubility for DABCO, has almost zero toxicity, 
has been known as a stable oil phase for emulsion generation and can evaporate in air. 
More importantly, it can significantly reduce acrylate’s mechanical strength and the shell 







Table 2. Failure load of 1 mm particles fabricated with different oil vol%. All samples were 
measured with microhardness testers after drying. 
Oil Vol% 0 20 40 60 80 
Failure Load for 
1mm Particle (N) 30-50 10-30 2-3 < 0.1 < 0.1 
 
As a preliminary study, the failure strength of 1 mm particles as a function of oil vol% was 
measured with the microhardness testers as a function of vol% (Table 2). Two 
microhardness testers were used to cover the whole force range. These particles were 
generated in a simplified single emulsion generation device and their overall size is 1mm 
with minimum size variations. By adding 1 cSt PDMS oil into the acrylate phase, a strength 
range over two orders of magnitude was obtained. This would provide another option to 
adjust the shell mechanical properties. 
 
To better understand how acrylate monomer and 1 cSt PDMS oil molecule interact in the 
solution, the mixture viscosity was compared with theoretical models. Fig. 14a shows the 
different curves related to viscosity measured with Anton Paar MCR 302 rheometer 
equipped with a double gap system (Anton Parr GmbH, Graz, Austria). Viscosity of the 
solution decreases when oil vol% increased from 0% to 100%. The viscosity value for each 
composition at a shear rate of 100 s-1 was plotted against oil mol% and compared with 






Figure 14. (a) Plot showing viscosity as a function of shear rate for different acrylate/PDMS 
solutions. (b) Plot showing the measured viscosity of acrylate/PDMS mixtures compared 




A classic equation for mixture viscosity prediction is the Arrhenius equation. It describes 
the viscosity of ideal binary mixtures where the excess of volume of mixing is considered 
as zero and is expressed as:  
ln 𝜂12 = 𝑥1 𝑙𝑛 𝜂1 + 𝑥2 𝑙𝑛 𝜂2  
where 𝜂12 is the viscosity of the mixture, 𝜂1,  𝜂2 are the viscosities of the two components 
and 𝑥1, 𝑥2 are the mole fraction of the components. 
 
From a practical viewpoint, the Arrhenius equation lacks accuracy due to the fact that 
interaction energy between two unlike molecules is in general different [46]. A more useful 
equation is the Lederer equation [47], which is a modified version of the classic Arrhenius 
expression to describe high viscosity oils mixed with diluents. The modification to the 




, 𝑥2 = 1 − 𝑥1 
where 𝑉1 is the volume fraction of the more viscous component (acrylate in our case) and 
and 𝑉2 is the volume fraction of the diluent (1 cSt PDMS oil). The empirical constant 𝛼 





where 𝛾 is 2.5 based on Einstein’s diffusion equation for infinitely dilute suspension of 
solid spherical particles [48], which is a fair estimation since the acrylate and the PDMS 




with the Lederer’s model and this indicates that in the uncrosslinked solutions, acrylate and 
PDMS molecules didn’t phase separate and stays as simple mixtures. 
 
Particles with different concentrations of 1 cSt PDMS oil were crushed and prepared for 
SEM imaging. Fig. 15 shows two representative SEM images of acrylate/PDMS samples 
at the same magnification. The first image shows acrylate microstructure with no oil added 
(0 vol%). Trimethylolpropane trimethacrylate is a relatively small monomer with a 
molecular weight of 338 g/mol and three double bonds. This leads to a dense and strong 
polymer network when pure acrylate was used. When sacrificial oil phase was added, phase 
separation happened when acrylate was crosslinked. Similar phase separation in 
crosslinked acrylate has been observed before [43-45]. Acrylate/PDMS-40% particle 
contains many loosely connected acrylate spheroidites in the submicron size range. The 
high degree of porosity and the reduced bond strength between spheroidites lead to the 
strength reduction within the samples. The formation of this porous structure has been 
studied before [44,49]. As was mentioned earlier, this tetrahedral acrylate molecule have 
three double bonds at three of the four corners. When one of the three corners in one 
molecule was attached to another growing polymer chain, the next reacted double bond in 
that molecule must belong to other polymer chains because of the rigid structure. This leads 
to the primary level of polymerization as long polymer chains with pendant double bonds 
were formed. In a good solvent, phase separation would occur as a result of intermolecular 
cross-linking and this leads to formation of small gel particles, which continues to attract 




conversion level is < 1%, and they correspond to the spheroidites in submicron range 
observed [49] before they agglomerated into the porous structure. 
 
Figure 15. SEM images of (a) acrylate/PDMS-0% microstructure, and (b) acrylate/PDMS 
-40% microstructure. 
 
3.3.6  Fabrication of Acrylate/PDMS Capsules 
When acrylate/PDMS solutions were used in double emulsion generation, similar phase 
separation and weakened capsule strength was noticed. When no oil was added, acrylate 
capsules have dense shells without noticeable micro-scale porosity. When crushed, they 
normally contain brittle fractures and also large broken pieces, as shown in Fig. 5, 7, and 
16a. After adding 1 cSt PDMS oil into the mixture, the microstructure changed 
dramatically (Fig. 16b-16d). Under high magnification, a porous microstructure composed 
of submicron spheroid particles was observed, the same as what was shown in the previous 
chapter. Also, a dense polymer layer with a thickness between 200 to 300 nm coverd both 
the inner and outer surfaces of the shell. Although data are not shown here, different 
samples were generated under different conditions and confirmed that this dense layer is 




environments. The presence of the this film have been previously reported and attributed 
to the poor solvent (water), which makes acrylate linear chains have a stronger tendency to 
agglomerate at the interface rather than to grow [49]. The acrylate primary particles form 
nuclei near the interface and they quickly coagulate, correlating to the roughness observed 
in the inner surface of the skin layer (Fig. 16e-16f). Studies in the formation of suspension 
PVC particles shows that this type of skin layer is formed by adsorption and grafting of the 
agglomerated molecules at the interface and it’s likely that the skin in acrylate samples 
formed in the same manner [50,51]. In addition, the images also showed that these porous 





Figure 16. SEM photos of (a) a broken acrylate/PDMS-0% microcapsule, (b-d) a broken 
acrylate/PDMS-33% microcapsule at different magnifications, (e-f) the skin layer of the 





To systematically analyze the mechanical properties of acrylate/PDMS capsules, multiple 
capsules with various oil vol% were generated (Fig. 17). The capsules were generated with 
the same diameter and shell thickness by keeping a constant flow rate ratio (1:1) of the 
middle/inner fluids. All samples were fully crosslinked and cleaned with water. Because 
the drop density decreases with increasing oil vol%, capsules containing less than 50% oil 
sedimented in water, while capsules with 60% and 70% oil creamed. Also, capsules with 
80% and 90% oil were simply too weak for collection, let alone for practical applications. 
The capsule opacity increases when increasing oil vol% and the change was drastic near 
the 30 to 40 vol% concentration. The reason for this behavior has not been studied fully, 
but the opacity increase is likely due to the light scattering between the crosslinked acrylate 
phase and the oil, and similar threshold transition related to volume fraction has been 
reported before in siloxane hydrogels, which also include a crosslinkable polymer and a 




Figure 17. Optical images of acrylate/PDMS microcapsules with a PDMS oil vol% at                  
(a) 0%, (b) 10%, (c) 20%, (d) 30%, (e) 40%, (f) 50%, (g) 60% and (h) 70%. 
 
The fabricated capsules were then dried and tested for their mechanical performance. 
Capsules with 60% and 70% oil were not tested because they would break when being 
transferred to the tester. The rest of the samples were measured and the results are given 




failure load as a function of oil vol%. For this batch, the failure load of capsules dropped 
by almost two orders of magnitude from 0.136 N to 0.004 N when oil cocentration 
increased from 0 to 50 vol%. When oil vol% increased, failure load decreased, and thus 
normally a smaller error value shown on the plot. The error value for 50% was covered by 
the size of the dot because it was less than 0.001 N. An exception of this trend is the 30% 
data point, which has a much wider value distribution. This is because of the rapid threshold 
transition mentioned earlier. From the standpoint of actual application, it would be better 
to avoid cocnetration near 30 vol% if a narrow strength distribution is desired. Fig. 18b 
shows the comparison of representative capsule breakage curves. Not only the failure load 
drops, the moduli of individual capsules also drop as oil vol% increases. For 40% and 50% 
capsules, the first crack formed under very low force and the rest of the curve was mainly 
related to continuous compression of the debris. If the 40-70% weak capsules are the focus 
of investigation, nanoindenters might be used for higher sensitivity. Note that the tip 
geometry of nanoindenter will likely be different and thus the data might not be directly 





Figure 18. Plots showing (a) the relationship of failure load vs vol% of 1 cSt PDMS oil, 
and (b) representative load-displacement curves for different oil vol%. 
 
3.3.7  Encapsulation Ability of Acrylate/PDMS Capsules 
The demonstration of encapsulation with acrylate/PDMS capsules was performed with an 
aqueous solution of resazurin sodium salt (Sigma, St. Louis, MO), as the inner fluid. 
Resazurin has a low molecular weight (251 g/mol), which is close to that of DABCO and 
was found to leak through acrylate solution at a relatively faster rate than DABCO (data 
not shown). The dye is fluorescent, has a strong purple color even at low concentrations, 
and is thus an ideal option for straightforward evaluation of encapsulation. Resazurin was 
dissolved in water at a concentration of 10-3 M and used to replace the original inner fluid, 
DABCO solution. Acrylate/PDMS-60% capsules containing resazurin were exposed to UV 
and then collected in vials (Fig. 19a). The purple cores surrounded by the white polymer 
shell. Note that depending on the orientation of the capsules, they could appear white when 




releasing of encapsulated dye to the surrounding environment, showing a successful 
encapsulation and pressure-sensitive chemical release.  
 
Figure 19. Photos of (a) resazurin dye in acrylate/PDMS-60% microcapsules collected in 
vial, and optical images of resazurin dye releasing at (b) 0 minute, (c) 1 minute, (d) 2 
minutes, and (d) 9 minutes. The purple dye diffused from broken capsules to the 




As previously discussed, by adding oil to the acrylate shell, the residual shell material 
pieces decreased in size. Based on the info from PPG, many of the polyurethane coatings 
applied can be less than 25 µm thick. To compare the coating thickness with our debris 
size, the same amount of different microcapsules were crushed with mortar and pestle 
individually and observed under microscope. Two representative images of the resulting 
debris are shown below (Fig. 20). Based on image analysis (Fig. 20c), when the oil vol% 
increased from 0% to 40%, number percentage of debris with a Ferret’s diameter > 20 µm 
decreased from 16.8% to 0.1%, while debris > 10 µm decreased from 40.0% to 9.4%. Also 
note that there are always unbroken microcapsules in 0% sample, while all 40% 
microcapsules can be easily crushed with much less force and time. 
 
Compared to pure acrylate microcapsules, percent yield of DABCO with acrylate/PDMS-
40% microcapsules dropped from over 90% (for acrylate/PDMS-0% capsules) to about 20-
30% based on the pH measurement method discussed before (Chapter 3.3.3). For example, 
pH of the DABCO standard solution was 10.04, while the acrylate/PDMS-40% capsules 
prepared with the same concentration (if no DABCO loss) was measured to have a pH of 
9.57. We believe the loss is mainly due to DABCO sublimation during drying and also 
leakage from capsules broke during cleaning/storage. In the end, the percent yield and 
debris size will be two competing properties and the best combination will depend on the 





Figure 20. Optical images of debris from the crushing of (a) acrylate/PDMS-0% 
microcapsules, and (b) acrylate/PDMS-40% microcapsules. Insert images were zoomed-in 
at the same magnification for closer look of the debris. (c) Plot of debris size distribution 




3.4  Future Work 
3.4.1  Increasing DABCO Percentage in DABCO-Acrylate Capsules 
DABCO has a 0.46 g/ml solubility in water at 26 °C, however, we have constantly observed 
precipitation of DABCO in 0.4 g/ml solutions (Fig. 21). Thus the stable concentration used 
in the experiments was a 0.2 g/ml solution as shown in Chapter 3.2.1. 
 
Figure 21. Photos showing the precipitated DABCO from 0.4 g/ml solution when it was 
(a) in a 10 ml syringe, and (b) removed from the syringe. Diameter of the cylinder piece 
was about 15 mm. 
 
Formic acid has been widely used in coating applications that needs DABCO. It’s a volatile 
component and can increase DABCO’s solubility in water. A series of lab bench tests were 
carried out and it was found that a mixture of at least 10 wt% formic acid in water can be 
used to form a stable solution of up to 50 wt% DABCO. Note that DABCO’s solubility 
doesn’t increase noticeably after formic acid’s concentration exceeds 10 wt% in water, and 





Since formic acid has a tendency to mix with acrylate, the first test was carried out for 
acrylate encapsulation of 10 wt% formic acid + 90 wt% water inside. The preliminary result 
was encouraging and the test was continued with 50 wt% DABCO + 5 wt% formic acid + 
45 wt% water. The capsule generation was stable and after crosslinking, the capsules were 
cleaned and dried (Fig. 22a). Compared to the samples shown in Fig. 7c-7d and based on 
the solutions used, the initial wt% of DABCO increased from 16.7 wt% to 50.0 wt%, and 
the wt% of DABCO in the dry powder increased from 14.3 wt% to 33.2 wt%. Fig. 22b 
shows a group of capsules that were treated with 10 minutes of 75 °C heating to consolidate 
DABCO. It appears that the DABCO in the manually broken capsules has a higher amount 
compared to previous ones (Fig. 7). In addition, a higher formic acid concentration could 
introduce porosity to the dense acrylate shell probably due to the mixing of formic acid 
into acrylate (Fig. 22c-22d). This could open up opportunities for simultaneously 





Figure 22. Optical images of (a) dry acrylate capsules with 50% DABCO, 5% formic acid, 
45% water as the initial inner fluid, (b) the same capsules as (a), and they were treated with 
a 10 minutes of heating at 75 °C to consolidate DABCO before crushing at room 
temperature. (c-d) Acrylate capsules in solution with 50% DABCO, 35% formic acid and 
15% water as the initial inner fluid. Focus was varied to illustrate the porosity. 
 
3.4.2  Capsule/Particle Breakage Behavior Study 
The failure of capsule/particle could vary depending on the material, microstructure and 




is very fast and the sample shatters within a fraction of second, similar to the sample shows 
in Fig. 23a. The crushing of a millimeter solid particle made from acrylate/PDMS-40% 
solution shows that the crack propagation speed was faster than 100 m/s. It is widely 
believed that a brittle crack cannot propagate faster than the Rayleigh wave speed and can 
be calculated as the √Κ/ρ2  , where Κ is the material’s bulk modulus and ρ is its density 
[53,54]. The modulus of crosslinked pure acrylate was measured with our department’s 
MTS tensile tester to be 2.05 GPa. Combined with Spriggs empirical equation for modulus 
estimation of porous material (assuming the empirical constant to be 5) [55,56], a modulus 
of 0.277 GPa for the bulk acrylate/PDMS-40% was obtained. This value was also similar 
to the approximated modulus (0.335 GPa) based on Fig. 12 if assuming an elastic 
deformation before the failure. An estimated crack propagation speed was calculated to be 
645 m/s, and is sadly unobservable with our current setup (needs a capture speed of at least 
1,000,000 fps or preferably 10,000,000 fps). Another thing the side view observation could 
tell is how the particle/capsule breaks under stress. Comparing Fig. 23a (captured at 
102,400 fps) and Fig. 23b (captured at 30 fps), it shows that increasing oil vol% during 
generation could transit the material breakage from a catastrophic brittle failure to a less 
explosive breakdown of microstructures over a much longer time frame. These 
observations, combined with the video capture through microscope, will help 
understanding the failure behavior, which is useful information in the actual applications 





Figure 23. Two series of photos showing side view observation of (a) acrylate/PDMS-40% 
particle with 9.8 µs difference between each frame, and (b) acrylate/PDMS-80% particle 
with 3.0 s difference between each frame. Note that particle’s reflection on the glass 
substrate is usually visible as well. Also note that because of the difference in lighting and 
video capture tools, the particle appears black on a white/grey background in (a), and the 




3.5  Conclusions 
The encapsulation procedure and results for protection and pressure-triggered release of 
water-soluble DABCO in acrylate capsules were presented in this document. This 
technique features one-step generation of double emulsion drops containing the UV-
crosslinkable polymer and DABCO solutions. This type of capsule provides exceptional 
stability for long-term storage even at elevated temperatures while as-received DABCO 
powder sublimed easily in air. By changing flow rates, the capsule diameter ranges from 
151 µm to 277 µm and its thickness ratio t/R can be adjusted from 0.10 to 0.28. The 
encapsulated DABCO could be released through the breakage of the capsules under 
external stress, and the percent yield of DABCO was proved to be over 90%. Further 
modification of this encapsulation system by adding a volatile 1 cSt PDMS oil introduced 
porosity in the dense acrylate network and affected the material strength and breakage 
behavior. Failure strength of the generated samples can be lowered by about 2 orders of 
magnitude when oil concentration increased from 0% to 80%. Adding oil into acrylate also 
produced smaller debris when capsules were crushed. Number percentage of debris >20 
µm decreased from 16.8% to 0.1%, when 40 vol% oil was added to pure acrylate. Future 
work of this acrylate system should focus on improving DABCO percentage in the capsule 
and also comparing the mechanical properties with mechanical models, as well as 
systematic characterization of encapsulation ability with different fluorescent dyes. This 
work provides a robust system for generation of monodisperse microcapsules that can be 
used to encapsulate water-soluble reactive molecules and can be applied to other pressure-




CHAPTER 4. DABCO-SBS CAPSULES 
4.1  Introduction 
The previous chapter demonstrates the encapsulation of DABCO in pressure-sensitive 
microcapsules. In this chapter, we present another approach by encapsulating DABCO in 
microcapsules that can be easily dissolved in organic solvents. To achieve this goal, the 
shell polymer cannot be crosslinked. Capsules like crosslinked acrylate capsules have been 
tested with may solvents in the lab and would not dissolve in any of them. The shell 
material discussed in this chapter is poly(styrene-butadiene-styrene), or SBS, a block 
copolymer with two long chains of polystyrene at the two ends and a long chain of 
polybutadiene in the center. Polystyrene chains tend to assemble together naturally and as 
more chains get tangled up, SBS can maintain its solid shape without the need of 
crosslinking. On the other hand, polybutadiene is elastic, and this gives SBS its rubber-like 
properties. SBS were dissolved in organic solvents so that it could be used in microfluidic 
devices for drop generation. The shell formation happened when SBS precipitated from the 
solvent as water gradually diffused into the middle fluid and caused phase separation. After 
being harvested from solution, SBS capsules remained its integrity, and could be easily 




4.2  Experimental Setup 
4.2.1  Emulsion Solutions 
SBS capsules are generated based on water/oil/water systems similar to acrylate capsules 
but with different shell-forming middle fluid. The inner fluid was 0.2 g/ml of DABCO 
(Sigma, St. Louis, MO) in DI-H2O. The outer fluid, or the continuous phase, was 40 wt% 
glycerol (more than or equal to 99% (GC), Sigma, St. Louis, MO) and 2 wt% poly (vinyl 
alcohol) (PVA) (molecular weight: 13,000-23,000 g/mol, 87-89% hydrolyzed, Sigma, St. 
Louis, MO) in DI-H2O. The continuous phase was also used as the collection bath for 
capsule shell formation. In regards to the middle fluid, different concentrations and 
different organic solvents were preliminary tested (data not shown). The shell-forming 
middle fluid picked for this study was composed of 0.05 g/ml polystyrene-block-
polybutadiene-block-polystyrene (molecular weight: 140,000 g/mol, 30 wt% styrene, 
Sigma, St. Louis, MO) in ethyl acetate (Macron Chemicals, Center Valley, PA). 
 
4.2.2  Emulsion Generation and Capsule Collection 
The general experimental setup has been discussed in Chapter 2. Monodisperse drops were 
generated by breaking the fluid jet near the entrance of the exit capillary. After generation, 
DABCO-SBS double emulsion drops were collected into bottles filled with same 
continuous fluid used in the generation. The volume ratio of drops versus continuous fluid 
was controlled at 1:9 when the bottle was fully filled with the continuous fluid. Samples 
were left in vials, sitting on the bench to allow shell formation. After 48 hours, the samples 
were placed on a rotating wheel at 20 rounds per minute for 30-60 minutes. The solidified 




remove all the excess materials. They were at last dried under ambient conditions for 24 
hours before storage or characterization (specific characterization techniques can be found 
in Chapter 2). 
 
4.3  Results and Discussions 
4.3.1  Double Emulsion Drop Generation 
The first step of capsule fabrication is the generation of double emulsion drops, similar to 
what has been discussed in Chapter 3.3.1. The inner fluid (0.2 g/ml DABCO solution) and 
middle fluid (shell forming solution) meet at the entrance of the exit capillary and are 
sheared by the outer fluid flowing in the opposite direction. At the right flow rates, the co-
flow of inner and middle fluids break into double emulsion drops in one single step. Fig. 
24a shows the generation of double emulsion drops near the entrance of the exit capillary. 
The fluid flow rates were: Qouter = 5,000 µl/hr, Qmiddle = 2,500 µl/hr and Qinner = 600 µl/hr. 
The generation rate was 200 drops per second. 
 
The generation was stable for hours and the double emulsion drops were collected in a 150 
ml container prefilled with 75 ml continuous phase. The collection continued for 3 hours 
and the container was topped with more continuous phase. Small samples were also 
captured in a 0.4 x 4.0 mm flat capillary for microscopic observation. There was no 
evidence of double emulsion drop breakup or coalescence (Fig. 24b). The outer and inner 
diameters of the initial double emulsion drop were 296 µm and 173 µm respectively. The 
drop size and shell thickness ratio can be tuned by changing flow rates together or 





Figure 24. Optical images of (a) formation of SBS double emulsion drops near the entrance 
of exit capillary and (b) a group of collected SBS double emulsion drops.  
 
4.3.2  Shell Formation 
The shell formation occurs in a two-step process. The first step starts the moment the drops 
were generated inside the device and can be easily discerned based on the translucency 
changes in the drops, from translucent to opaque. As soon as the drops were formed and 




translucent front appears to grow radially inwards from the perimeter between the outer 
drop and the continuous phase as shown in Fig. 25a-25d. Notice that while this transparent 
layer stays through the whole process, a similar layer at the interface of inner and middle 
fluids disappeared as the shell continued to evolve (Fig. 25b-25c). The measurement of the 
SBS capsules’ outer diameter against time is shown in Fig. 25e. When generated, the SBS 
double emulsion drops have an outer diameter of 296 µm, then the diameter decreased to 
a plateau value of 160 µm in 20 minutes. Notice the error bar is wider for the first few 
points and gets narrower as it continues. This is because of the difference in time since 
generation for the capsules collected at the exit tubing. This time difference leads to 
differences in the degree of shell shrinkage and is more significant at the beginning because 





Figure 25. Optical images of generated SBS double emulsion drops at (a) 1 second, (b) 2 
minutes, (c) 50 minutes, (d) 400 minutes since generation and (e) SBS shell diameter versus 
time since generation. Scale bars are all 100 µm for (a)-(d). 
 
The main reason for shell formation is the phase separation behavior resulted from the 
interactions between the fluids used in the emulsion. The middle fluid is SBS dissolved in 
solvent, ethyl acetate, while the continuous fluid, on the other hand, is a non-solvent 
(aqueous solution) for the polymer. As water diffuses through the SBS double emulsion 




changes from a good solvent to a bad solvent. Because of this, the SBS polymer precipitates, 
forming a shell that encapsulates the aqueous core. Similarly, the same mixing of solvent 
and non-solvent also happens at the interface of inner fluid and middle fluid. The diffusion 
between ethyl acetate and water is quite fast (water diffuses into ethyl acetate at a rate of 
3.2 x 10-9 m2/s and ethyl acetate diffuses into water at 9.7 x 10-10 m2/s [57]. Based on the 
diffusivity, the time needed to diffuse through a dispersed drop can be estimated [58]. For 
example, when an ethyl acetate drop of 300 µm diameter is suspended in water, water can 
diffuse through the whole drop in less than 4 seconds. This explains why the outer drop 
opacity increases as soon as the double emulsion drops are generated. 
 
To better understand and characterize the phase separation behavior, techniques based on 
optical microscopy and image analysis developed for film formation via immersion 
precipitation were utilized [59,60]. In those studies, polymer solution and the precipitation 
bath were placed between two glass slides and the contact between them initiates the 
polymer precipitation. The diffusion rate of water into the polymer solution is estimated by 
the growth rate of the precipitated polymer layer. This allows a straightforward study of 
polymer precipitation induced by the diffusion of solvent and nonsolvent, and the 
observation is less interfered compared to polymer precipitation in spherical drops. Fig. 26 
shows the adapted setup to observe and study the diffusion behavior between SBS in ethyl 
acetate solution and different aqueous phases. First, a glass capillary (0.4 mm x 4 mm) was 
cut to 5 cm long (Fig. 26a, not drawn to scale) and it was partially filled from one end with 
the aqueous phase (Fig. 26b). The capillary was fixed to a glass slide and then to a 




(Fig. 26c). The SBS/ethyl acetate solution was filled in a syringe and the syringe’s needle 
tip was inserted into the capillary close to the air/liquid interface (Fig. 26d). The solution 
was then injected at the interface and filled up the rest of the glass capillary (Fig. 26e). 
Epoxy was used to seal the open end of the capillary to minimize evaporation (Fig. 26f). 
The image capture begins a few seconds before the injection of SBS solution. 
 
 
Figure 26. Schematics of the procedure for phase separation and polymer precipitation 





The diffusion behavior was recorded with a camera attached to an upright microscope and 
pictures were taken every 10 seconds. A photo of the complete setup is shown in Fig. 27a. 
The precipitation behavior is different with different solutions (Fig. 27b). When SBS/ethyl 
acetate is in contact with pure water, the dark region related to polymer precipitation 
initiates at the interface of SBS-ethyl acetate solution and water, and propagates towards 
the polymer solution.  While with the continuous fluid WGP (water + 40 wt% glycerol + 2 
wt% PVA), right at the interface, there was a clear phase emerging from the beginning 
showing signs of liquid mixing and we decided to call it the diffusion layer. Although 
similar layer was also seen in the case using water, it wouldn’t show up until about 4,000 
seconds since the reaction started. Furthermore, this transparent diffusion layer was also 
seen in the double emulsion drops showed earlier between the precipitated polymer and the 
aqueous phase (Fig. 24b-24d). Based on the results shown (Fig. 27c), the diffusion rate for 
water passing through this precipitated polymer layer is 3.3 x 10-10 m2/s, which is about 
one magnitude smaller than the diffusion rate of water into pure ethyl acetate (3.2 x 10-9 
m2/s), and one magnitude larger than that when WGP is used as the precipitation bath (2.5 
x 10-11 m2/s). These diffusion rate differences are similar to the results reported [59,60]. 
However, these results can only serve as a reference because of the distortion of curved 
liquid interface and the influence of wall effect, which was even more severe with narrower 
capillaries when they were initially used in this sutdy. Based on these results, the diffusion 
of water through the double emulsion drops’ middle layer is completed while the drops 
traveled through the device and exit tubing. The rest of shell evolution is mainly attributed 
to polymer syneresis as polymer contracts and expels liquid to the outside of precipitated 





Figure 27. (a) Photo of the setup for observation of diffusion in glass capillaries. (b) Optical 
images of polymer precipitation and phase separation with time at the interface against 
water or WGP. WGP is the continuous phase (WGP stands for water + 40 wt% glycerol + 
2 wt% PVA). Scale bars are all 100 µm. (c) Plot of the measured SBS precipitation layer 
thickness versus time. 
 
To better understand the different polymer precipitation behaviors associated with different 
precipitation baths, a few more samples were compared. Fig. 28a-28e shows the SBS 
precipitation behavior when the SBS solution encounters different precipitation baths. All 





Figure 28. Optical images of SBS precipitation at 100 seconds since the contact moment 
of SBS solution and different aqueous solution (precipitation bath), and the precipitation 
baths are (a) water, (b) 40 wt% glycerol + water + PVA, (c) 80 wt% glycerol + water + 
PVA,  (d) 40 wt% glycerol + water and (e) 0.2 g/ml DABCO solution. Scale bars are all 
100 µm. (f) Photo of polymer precipitation when SBS/ethyl acetate drops were injected 
into different continuous phases in 10 ml vials. The solutions of the continuous phases from 
left to right are the same as the precipitation baths in (a), (d) and (b) respectively. Note that 
the bubbles could be from the evaporation of ethyl acetate as the vials were sealed with 




The differences between water (Fig. 28a) and 40 wt% glycerol + water + PVA (Fig. 28b) 
have been previously discussed. Furthermore, when the solution viscosity increased with 
80 wt% glycerol solution for the same test (Fig. 28c), there’s no significant polymer 
precipitation over hours of observation. Note that the dark region at the interface is just the 
curved interface and does not change over time. This test result indicates that the presence 
of glycerol does slow down the diffusion of non-solvent into the polymer solution and thus 
slows down the polymer precipitation rate. In another test, when 40 wt% glycerol solution 
without PVA was used (Fig. 28d), similar polymer precipitation merged but without a well-
defined transparent diffusion layer. The precipitation rate is much slower than the case with 
water and slightly faster than the case with 40 wt% glycerol + water + PVA. As solutions 
continue to interact, a similar diffusion layer at the interface between precipitated polymer 
and the continuous phase were observed, but the edge profile was not as smooth and clear 
as the case when PVA was present. The polymer precipitation behavior of a 0.2 g/ml 
DABCO solution was also tested, and the behavior is very similar to that with pure water 
(Fig. 28e). To double check the presence of the diffusion layer as it was not obviously 
shown in some samples, SBS/ethyl acetate solution drops were injected into different 
precipitation baths (water, 40 wt% glycerol + water, and 40 wt% glycerol + water + PVA) 
in vials and observed. After about 5 hours, the transparent diffusion layer formed outside 
the precipitate polymer cores in all three samples (Fig. 28f). Note that the injected drops 
are initially similar in size, so the only difference is that the drops are more stable against 
coalescence and the polymer precipitation is slower when PVA and glycerol are present. 
This matches what was observed with the samples in square capillaries. It is also more 




drops were exposed to the continuous phase from all angles and could move freely. But 
again, compared to flat capillary samples, it’s difficult to estimate the specific polymer 
precipitation rate with the drops. In short, the diffusion layer will always form when 
SBS/ethyl acetate gets into contact with an aqueous solution that is a poor solvent for SBS. 
Glycerol plays a role in slowing down the precipitation rate, while PVA helps to stabilize 
the interfaces between adjacent drops. 
 
To check that if lack of convection is the main reason of the presence of diffusion layer, 
pure ethyl acetate drops were generated in water and found that the drops will remain 
mostly undissolved over a few days until agitation and mixing were provided. Fig. 28 
shows a series of photos of two ethyl acetate in water samples. These two samples were 
prepared by adding 0.5 ml ethyl acetate into 4.5 ml water (Fig. 29a). This ratio is close to 
the solubility of ethyl acetate in water. The first sample was placed on a vortex mixer for 
1 hour immediately after mixing, and for the second sample, the interface of ethyl acetate 
and water was marked on the vial and it was left on the bench for 24 hours (Fig. 29b). After 
24 hours, there’s not much shrinkage of the ethyl acetate phase in the second sample, while 
the ethyl acetate phase has dissolved into water in the first sample after it was shaken. This 
distinct ethyl acetate phase in the second vial disappeared only after it was shaken as well 
(Fig. 29c). This proved that the limited diffusion of the localized drops is the main factor 
in influencing the mixing of ethyl acetate and water even though the overall continuous 




Figure 29. Photos of (a) two samples of ethyl acetate drop in water when just prepared in 
10 ml vials, (b) while the left sample was shaken immediately, the right sample was left 
undisturbed for 24 hours, and (c) after shaking the right sample, the distinct ethyl acetate 
phase has disappeared. Note that all samples have trapped air bubbles from the beginning. 
 
After comparing all these cases, it’s clear that the presence of the transparent diffusion 
layer surrounding the polymer capsule is mainly due to the slow diffusion between 




interface. Because of the emulsion drops’ positions are localized during the phase 
separation step as they cream, the limited diffusion leads to quickly saturated water/ethyl 
acetate mixture near the interface. Also because water is a poor solvent for SBS, the 
polymer syneresis causes shrinkage of the polymer shell and liquid was expelled to outside 
of the shell. These two factors combined, leading to a transparent diffusion layer at the 
interface. Notice that the diffusion layer also existed at the interface of inner and middle 
fluids for the same reason mentioned earlier, but it would eventually diminish because the 
continuously shrinking shell gradually absorbed it. With the help of PVA, the diffusion 
layer serves as an important stabilizing layer against coalescing of drops while the polymer 
precipitation and syneresis occurs. After 48 hours of sitting to allow complete polymer 
precipitation and shell formation, the sample was left on the tumbling wheel at 20 rpm for 
30-60 minutes. This enhanced diffusion through capsule movement will make the diffusion 
layer eventually disappear (Fig. 30). This proves again that its presence is mainly due to 
the limited diffusion during the phase separation process. Only a small amount (<1%) of 
coalescing of capsules was noticed after this step.  
 
Figure 30. Optical Images of SBS capsules (a) before and (b) after the enhanced diffusion. 




4.3.3  Harvesting and Dissolution of Capsules 
After removing the diffusion layer, the encapsulation of the aqueous core is considered 
complete. Following repeated washing with water to remove the excessive ethyl acetate 
and continuous phase, the capsules were filtered on a filter cloth with 25 µm pore size. The 
capsules were then left dry in the ambient environment for at least 24 hours. Fig. 31a-31c 
shows the appearance of dry SBS capsule samples. All the four vials shown in Fig. 31a are 
generated at different times with the same setup, and their properties and appearance are 
very consistent. For this specific sample, the overall size of the SBS capsules have 
decreased to 111 µm, which is about 37% of its original size at generation. The aqueous 
core has also shrunk from 82 µm to 60 µm. The shrinkage of the SBS shell is mainly due 
to the removal of ethyl acetate and the syneresis of SBS, while the shrinkage of the aqueous 
core is due to the osmotic pressure difference between the inner fluid and continuous phase 
[62] and the outward expulsion of water related to shell shrinkage. The capsules maintained 
their spherical shape during drying, and the water evaporation in the core can be seen in 
the close up optical image of the capsules shown in Fig. 31b-31c. Furthermore, these SBS 
capsules are flexible and will get flattened when pressed by glass slides (Fig. 31d). After 
the stress is removed, they will return to their original shape. This behavior is attributed to 
the tangling of the polystyrene part and the rubbery stretching ability of the polybutadiene 






Figure 31. (a) Photo of dry SBS capsules collected in 20 ml vials, showing good 
consistency, (b-c) optical images of dry SBS capsules at different magnifications, (d) dry 
SBS capsules elastically deformed under external stress, and (e) SBS film formed after the 




Also, because SBS doesn’t need to be crosslinked to form capsules, it allows quick 
releasing of the encapsulated ingredient when exposed to solvents such as toluene or carbon 
tetrachloride. To demonstrate this, a group of SBS capsules were placed on a glass slide 
and toluene was used to dissolve these capsules. After a few minutes, the SBS capsules all 
disappeared. The resulting solution was left on the glass slide to dry, and SBS film was 
observed after the evaporation of toluene (Fig. 31e). In summary, flexible and 
uncrosslinked SBS capsules that could serve as a method to encapsulate DABCO were 
successfully generated. These capsules were monodisperse with a small coefficient of 
variation and maintained their core-shell structure after the procedure. Dry SBS capsules 
could be dissolved in solvents, allowing a quick releasing of DABCO. 
 
4.4  Future Work 
4.4.1  Formation Mechanism of DABCO-SBS Capsules 
To better understand the basic mechanisms of the spontaneous phase separation behavior 
of these SBS capsules, we looked into immersion precipitation technique for polymer 
membrane and foam formation [63], which is similar to the formation of the SBS capsules 
because of the three components (polymer, solvent, non-solvent) involved in polymer 
precipitation. Typical factors that were studied in previous reports include liquid-liquid 
phase separation, the exchange of solvent and non-solvent during the process and its effect 
on the kinetics [64], the syneresis of polymer after its precipitation [61] and the slow 
diffusion of polymer [65]. Also, for spherical coordinates in 3D, the non-steady-state 
diffusion equation can be used to estimate the completion of diffusion [58]. Furthermore, 




precipitation can be compared. Strachmann and his colleagues have shown a very 
systematic study in defining the concentration profiles of polymer, solvent and non-solvent 
[59]. With a ternary phase diagram based on cloud point data, they were able to predict 
properties such as the onset of precipitation and the final compositions. 
 
Because it’s difficult to observe the microstructure of precipitated polymer with typical 
microscopes, scanning electron microscopy (SEM) has been a useful tool for proper 
characterization of the film/shell microstructure [61]. In order to better characterize the 
capsules, which contain large amounts of porosity, they would need to be freeze dried to 
preserve the structure for investigation of influential factors on shell morphology. For 
comparison and a better representation of the harvested capsules, capsules dried under 
ambient conditions should be prepared as well. With this, we will be able to better connect 
the microstructure with the formation mechanism and sample treatments, which would help 
tailor the properties. 
 
4.4.2  Characterization of SBS Capsules’ Encapsulation Ability 
The study about the SBS capsule formation mainly serves as the basis to tailor the chemical 
encapsulation efficiency and releasing rate. The influential factors for film morphology and 
permeability have been previously studied by different groups [60,65]. In general, if the 
polymer has a lower non-solvent tolerance and does not interact strongly with the solvent, 
the final film formed through polymer precipitation will tend to have large voids. If the 
precipitation rate is kept low, there will be smaller voids [59]. In our SBS capsules, these 




which then affects the encapsulation ability of the capsules. As was discussed in Chapter 
4.3.2, the relatively slower polymer precipitation by having glycerol in the continuous 
phase would allow the formation of a denser polymer shell and a better encapsulation of 
DABCO. 
 
Additional tests are needed to characterize the chemical encapsulation efficiency. 
Preliminary tests were performed by adding resazurin dye to the inner fluid. Resazurin was 
dissolved in water at a concentration of 10-3 M and used to replace the original inner fluid. 
The SBS double emulsion drops were collected in vials and flat capillaries for further study. 
Fig. 32a and 32b show the collection of the SBS double emulsion drops into a 9 ml vial 
prefilled with a controlled amount of the same continuous phase to match a volume ratio 
of drops : continuous phase = 1 : 9, which is the same as that in the 150 ml larger samples. 
The blue/purple cores shown in Fig. 32b are related to the color of the dye. Samples were 
also collected directly into flat glass capillaries to be observed under the microscope. Fig. 
32c and 32d are bright field and fluorescent images of the same sample at the same position 
taken 5 minutes after the drops were collected from the exit tubing. It appears that the dye 
has diffused out of the capsule into the continuous phase, which happens quickly when the 





Figure 32. (a-b) Photos of SBS double emulsion drops containing the blue fluorescent dye 
collected in 10 ml vial, (c) bright field image of the SBS double emulsion drops containing 
fluorescent dye within 5 minutes of collection.  
 
Modifications for future tests are required to more accurately predict the encapsulation 
efficiency. First, the diffusion rate and precipitation rate are all influenced by the ratio of 
solvent and non-solvent [66]. Since the sample shown in Fig. 32c and 32d was collected 
directly into the flat glass capillary, the amount of non-solvent for one part of solvent is 
about only 22% of that in the actual sample collected in vials or bottles. This decrease in 




that these samples, despite appearing to be leaking as the shell formed, seemed to be able 
to keep a fraction of the dye inside after the shell forms. This indicates that the leakage is 
probably not as severe for the larger samples collected in vials. Second, the dye dosage and 
dye choice both need to be adjusted. Resazurin will be gradually reduced with its 
surrounding environment, and the blue resazurin is not fluorescent before it changes into 
the pink resorufin. The samples appeared to be blue in the core as collected, but it still 
exhibits strong fluorescence. This abnormal behavior indicates that the concentration of 
the dye might be too high while a small amount of converted resorufin would appear very 
bright under the microscope, making it appear a high percentage leakage. Not only that 
calibration of the fluorescent intensity vs the concentration will need to be performed, but 
also that having a dye that changes over time complicates the analysis. Background 
correction and a better choice of fluorescent dye are thus essential for correct understanding 
of encapsulation efficiency. One way to systematically characterize the capsules 
encapsulation efficiency is to encapsulate fluorophores with different molecular weights 
(350 g/mol, 1,000 g/mol, 10,000 g/mol, etc.) to estimate the threshold of what molecule 
sizes can be efficiently encapsulated. 
 
In addition, ultraviolet-visible spectroscopy can be used to more precisely characterize the 
amount of dye leaked and allow a comparison with different capsule compositions. 
Fluorescent dyes will show strong characteristic peaks under UV-vis spectroscopy. The 
peak strengths will also be proportional to the concentration of the dye [67].  First, peak 
strengths of dye solutions could be measured with different concentrations such as 0.01 M, 




samples. Once the SBS samples are finished, an aliquot of the continuous phase can be 
extracted for UV-vis. The dye’s peak strength will be calculated with the standard guideline 
to obtain the actual concentration of the dye. Furthermore, we have also tried to observe 
color changes in the continuous phase related to the leakage of dye over time. This should 
be recorded systematically as a supplemental data to the UV-vis measurement.  
 
Another method to characterize the encapsulation efficiency is through direct measurement 
of continuous phase’s pH because DABCO’s concentration in solution is associated with 
pH changes showed in Fig. 8. Based on the calculations of the SBS capsule samples 
collected, if the DABCO in the aqueous core has completely leaked into the continuous 
phase, this will make a DABCO concentration of 0.004 g/ml and a pH value of 10.4. For 
comparison, a DABCO concentration of 0.00004 g/ml (relates to 1% of DABCO leakage) 
will display a pH of 9.0. The pH values of freshly collected DABCO-SBS samples were 
measured and the values were between 9.4 to 9.7, depending on how they were collected. 
This indicates that there’s indeed leakage of DABCO at the beginning of SBS double 
emulsion collection. Moreover, a pH decrease of simple DABCO solution was noticed at 
the same time, similar to what we’ve shown in Table 1. The pH would drop from 10.4 to 
below 7 gradually within a week since the solution was mixed. This would have to be 
considered when using pH change as a method for leakage evidence. Future experiments 
related to this should focus on more frequently measurement of the pH in the first few 
hours of drop generation until it starts to decrease. If the hypothesis is right, an initial quick 




complete shell formation. Then a gradually slowing down increase of pH might appear 
until it reaches a plateau and then start to decrease slowly over the next 7-10 days. 
 
4.4.3  Modifications of SBS Capsules 
In addition to the characterizations, it’s necessary to modify and optimize the solutions and 
procedures to increase the encapsulation efficiency of SBS capsules. This specific SBS 
polymer and ethyl acetate based on preliminary tests of available materials, but as we move 
forward, more refined screening needs to be carried out in order to further improve the 
encapsulation. The SBS used has a relatively high molecular weight (140,000 g/mol) with 
30 wt% of styrene, but there are many different types of SBS or even other polymers that 
could provide different performance. For example, SBS polymers come with different 
ratios of styrene to butadiene. Styrene can dissolve in ethyl acetate while butadiene has low 
solubility. The different ratios will influence the solubility of polymer in the solvent and 
also the interaction strength between the polymer and solvent while in contact with non-
solvent [12]. In addition, since different solvents will also influence the phase separation 
and shell morphology, a more systematic screening of the possible solvents is needed [12]. 
This can be done through polymer solvent mixing and testing without running solutions in 
the microfluidic devices. During membrane fabrication through immersion precipitation, 
choosing solvents with low to medium water solubility, slower polymer precipitation 
would happen and result in dense films [12] with fewer large pores [59]. For our capsule 
generation, denser shells through slower polymer precipitation would reduce the diffusion 
of solute after the shell forms. A slower precipitation could also benefit the maintenance 




diffusion before the completion of shell formation will possibly increase because of the 
longer time needed for shell formation. Combinations of these properties and behaviors 
will need to be balanced and considered as a whole. 
 
Figure 33. Optical images of SBS capsules one month after the generation when (a) left in 
an open vial, and (b) left in a closed vial. Both samples were generated in the same batch 
and were initially identical to each other.  
 
Furthermore, the overall procedures also need to be optimized. An easy example is the time 
of suspending these capsules in the aqueous environment. The generated double emulsion 
drops need to stay in the aqueous environment to stimulate the phase separation in order to 
form capsules. But the minimal time needed for shell formation hasn’t been figured out. 
This is needed because it’s possible that DABCO will slowly diffuse out of the capsules as 
long as they are in suspension. Additionally, the effect of enhanced solvent evaporation 
needs to be further investigated. When the SBS capsules first formed, they usually contain 
porosity in µm size range. Two one-month old samples were observed and it was found 




initially, the sample in an uncapped vial showed much less porosity while the sample left 
in a closed vial showed much larger porosity and deformation (Fig. 33). The cap was then 
removed for the capsules initially in the closed vial, and they didn’t appear to change their 
morphology again after 3 weeks of sitting on the bench. This indicates that speeding up the 
solvent evaporation might help form a denser shell, as was mentioned in previous reports 
related to similar capsule formation [12]. What was learned from these two samples is that 
when the shell formation is completed, the polymer chains cannot reorganize to form a 
denser structure. 
 
4.5  Conclusions 
SBS capsules were developed as the alternative encapsulation option for DABCO, by using 
0.05 g/ml SBS in ethyl acetate solution as the shell forming solution. As soon as the drops 
were generated, the SBS solution came in contact with a poor solvent (aqueous phases). 
As a result, the spontaneous phase separation and syneresis lead to polymer precipitation 
and shell formation to complete the encapsulation in 4-5 hours. After the shell formation, 
capsules were left on the tumble wheel to enhance the fluid convection and remove the 
ethyl acetate/water layer outside the capsules. Capsules generated were in the size range of 
100-200 µm and the shell thickness is between 20-30 µm. After drying, the capsules were 
able to sustain their core-shell structure and were flexible against external stresses. 
Dissolution of the capsules was also demonstrated by exposing capsules to organic solvents 
such as toluene. The capsules appeared to be able to encapsulate DABCO but further 
studies and measurements are needed to better characterize its encapsulation efficiency. To 




investigations related to the factors in shell formation are needed. Unlike the 
aforementioned pressure-sensitive capsules, the SBS capsules provide a new choice for 




CHAPTER 5. EPON 825-ACRYLAMIDE CAPSULES 
5.1  Introduction 
EPON 825 is a highly pure bisphenol A epichlorohydrin epoxy resin widely used in 
composites that can provide great clarity, chemical resistance, high heat distortion 
temperature and low electrical conductivity [68,69]. Similar to other epoxy resins, EPON 
825 needs to be first thoroughly mixed with curing agent before usage. However, this is 
not ideal in extreme environments such as in the battlefield. Our goal in this study is to 
develop a method for encapsulation of EPON 825 in pressure-sensitive microcapsules for 
storage and quick mixing. Because EPON 825 mixes with the shell solutions used in the 
previous chapters, an aqueous solution of acrylamide was used as the shell phase here. 
Acrylamide comes in powder form, and is highly soluble in water (2.04 g/ml). Its solution 
can be UV-crosslinked into polyacrylamide hydrogel, and then dehydrated into solid form. 
In this chapter, the drop generation containing pure EPON 825 will be demonstrated. The 
procedures designed to maintain capsule integrity during drying and harvesting will also 
be discussed. The dried capsules were then crushed and the released EPON 825 remained 
reactive to cure with the surrounding hardener. This work provides a new encapsulation 
method when the inner fluid mixes with typical polymeric blends, and the fabricated 
capsules have a high vol. or wt. percentage of the targeted chemical in the final product 




5.2  Experimental Setup 
5.2.1  Emulsion Solutions 
Unlike acrylate and SBS capsules, acrylamide capsules are based on an oil/water/oil system 
because the structural epoxy is not water miscible, and is encapsulated with an aqueous 
solution.  The inner fluid was EPON Resin 825  (Hexion Specialty Chemicals, Houston, 
TX) without further purifications or dilutions. The shell-forming solution was composed 
of 10 wt% acrylamide (Sigma, St. Louis, MO), 1 wt% N,N’-methylene bisacrylamide 
(Sigma, St. Louis, MO) and 1 wt% 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (Sigma, St. Louis, MO)  and 2 wt% poly (vinyl alcohol) (PVA) 
(molecular weight: 13,000-23,000 g/mol, 87-89% hydrolyzed, Sigma, St. Louis, MO) in 
DI-H2O. The continuous fluid was 98 wt% 10 cSt polydimethylsiloxane (PDMS, Clearco 
Products, Bensalem, PA) and 2 wt% of decamethylcyclopentasiloxane with trimethylated 
silica (749 fluid, Dow Corning, Midland, MI). 
 
5.2.2  Emulsion Generation and Capsule Collection 
The general info of experimental setup has been discussed in Chapter 2. Briefly speaking, 
monodisperse double emulsion drops were formed by breaking the inner and middle co-
axial fluid jet near the entrance of exit capillary. The biggest modification to the setup is a 
heating stage to increase the temperature of the epoxy (Fig. 34a-34b). EPON 825 has a 
viscosity of 10 Pa·s at room temperature (for reference, water is about 0.001 Pa·s), and it 
is necessary to decrease it viscosity to avoid clogging and allow the stable generation of 
double emulsion drops in dripping mode [26]. Based on rheological measurements, its 




(Fig. 34c). To increase the temperature of EPON 825, two heating units were used around 
the solution syringe and the device respectively, and a thermometer was also used to 
monitor the temperature. Because of the extra space needed to accommodate this setup, an 
upright microscope (Orthoplan, Leitz, Wetzlar, Germany) was used instead of the Axio 
Observer from Zeiss America. The cameras used for recording stayed the same. 
 
 
Figure 34. Photos of (a) EPON encapsulation setup, and (b) close up of the heating units 






After drops were generated, UV exposure was used to crosslink the acrylamide within 10 
seconds of generation, and continued until drops exited the device tubing. Acrylamide 
capsules were collected in the oil continuous phase and post-cured for another hour under 
UV light. The continuous phase (10 cSt PDMS oil) was replaced with a volatile continuous 
phase composed of 98 wt% octamethyltrisiloxane (1 cSt PDMS oil, Clearco Products, 
Bensalem, PA) and 2 wt% surfactant (749 fluid). This step was repeated three times to 
ensure the original continuous phase was completely replaced with the volatile oil solution. 
The majority of the continuous phase was eventually removed and the sample was left 
drying in an open Petri dish for 24 hours under ambient conditions. The acrylamide shell 
became solid after the evaporation of water and the capsules were re-dispersed in 1 cSt 
PDMS + 749 before being filtered using a filter cloth with a 25 µm pore size. The capsules 
were then rinsed thoroughly with 1 cSt PDMS oil (no surfactant) to ensure complete 
removal of all excess material. The capsules were eventually collected either in dry form 
or in 1 cSt PDMS oil for characterizations (characterization techniques were discussed 
earlier in Chapter 2). 
 
5.3  Results and Discussions 
5.3.1  Double Emulsion Drop Generation 
The inner fluid, EPON 825, is heated up to around 75 ºC when it is loaded in the syringe 
and is continuously heated when it is flowing inside the device. The heated EPON 825 
flows inside the input round capillary while the middle fluid, which contains the UV-




between inner round capillary and square capillary. These two fluids meet at the entrance 
of the exit capillary and simultaneously meet the continuous phase (10 cSt PDMS + 749), 
which flows in the opposite direction inside the space between exit round capillary and 
square capillary. The outer fluid hydrodynamically focuses the fluid jet of inner and middle 
fluids near the entrance of the exit capillary, and double emulsion drops form in a single 
step. The generation under the microscope can be seen in Fig. 35a where monodisperse 
double emulsion drops break and move along the exit capillary. For this particular one, the 
fluid flow rates were: Qouter = 5,000 µl/hr, Qmiddle = 280 µl/hr and Qinner = 300 µl/hr. 
 
 
Figure 35. Optical images of (a) formation of EPON-acrylamide double emulsion drops 
near the entrance of exit capillary and (b) a group of partially crosslinked EPON-





As the generation continues, UV light was shined on the generated double emulsion drops 
near the exit capillary to quickly solidify and stabilize the capsules. The capsules were 
collected in the continuous phase and observed afterwards. A small ratio (< 10%) of 
coalescing and drop breakup of the double emulsion drops was noticed. Capsules were 
post-cured and as shown in Fig. 35b, these acrylamide capsules are monodisperse, with a 
CV < 3% after excluding the coalesced and broken capsules. The overall diameter of the 
capsules of this specific sample was measured to be 160 µm, while the inner core diameter 
was 125 µm. 
 
5.3.2  Harvesting and Crushing of Capsules 
Acrylamide capsules containing EPON 825 were washed and dried, and then observed 
under the microscope. Different harvesting techniques and procedures were tested (not 
shown) and the one that worked best is present here. During the washing/drying step, the 
original continuous phase (10 cSt PDMS oil/749) was replaced with 1 cSt PDMS oil/749. 
This step was repeated three times to ensure the original continuous phase was completely 
replaced with the volatile oil solution. The majority of the continuous phase was eventually 
removed and the sample was left drying in an open Petri dish for 24 hours under ambient 
conditions (Fig. 36a). The drying process was monitored under the microscope and they 
appeared to form a rough surface, which is probably due to the polymer texture. No 
coalescence of the capsules either during the washing steps or in powder form (Fig. 36b) 
was observed. Dry acrylamide capsules containing EPON 825 are shown in Fig. 36c and 
36d. The average dry acrylamide capsule diameter for this sample is 131 µm. Since the 




thickness. This thin shell also matches with our observations when we monitored the 
capsule drying on the optical microscope. It also means an excellent percentage of the 
EPON 825 in the capsules (85 vol%, or 93 wt%), so more reactive ingredients and higher 
bonding strength can be achieved for a fixed amount of sample. Furthermore, since these 
capsules appeared to be strong enough to keep its integrity, a relatively thin shell will also 
allow easier and more thorough breakage of the capsules to improve the bonding strength. 
Furthermore, if needed, the shell thickness can be tailored by adjusting the flow rates, 
device dimensions and acrylamide concentration in the middle fluid. 
 
Figure 36. Photos of (a) acrylamide capsules suspending in oil during drying, and (b) a 
group of dry acrylamide capsules on a glass slide, and (c-d) optical images of dry 




These capsules were also tested for their bonding ability to see if the encapsulated epoxy 
can be released and stay reactive. A few capsules were placed between two slides (inserted 
photo in Fig. 37a) and the fast camera was used to record the capsule breaking under stress. 
Results show that within a fraction of a second, the capsules broke and released the epoxy 
from inside (Fig. 37a). The two slides were then separated and one of the slides was coated 
with the curing agent on one side. The coated side was pressed against the broken capsules 
on the other slide to initiate the curing reaction. In Fig. 37b, the broken capsules can still 
be seen, and all the encapsulated epoxy has been released. The two liquid phases shown 
are associated with EPON 825 (droplets) and the curing agent (the continuous phase). 3.5 
hours after the mixing started, the sample was observed again and noticed the disappearing 
of most of the droplets, indicating curing is taking place. 24 hours later, the two slides 
appeared to have been bonded together. The two slides were intentionally twisted against 
each other to break them apart. The observations under the microscope showed an 
appearance of a film containing ruptures at the locations where broken capsules were (Fig. 
37c). This shows that the epoxy encapsulated in the capsules was still reactive and can 





Figure 37. Optical images of (a) EPON 825 releasing from broke acrylamide capsules (the 
insert shows a photo of the recording setup), (b) EPON 825 and broken acrylamide capsules 
mixed with excessive curing agents to perform the curing reaction, and (c) the intentionally 




5.3.3  Modifications to Epoxy Encapsulation 
Other methods were also developed to improve the encapsulation of EPON 825. For 
example, EPON 825 single emulsion drops were generated in aqueous continuous phase. 
The continuous phase with replaced with either a non-water-soluble curing agent mixture 
with water and ethanol, or a water-soluble curing agent mixture with water. The idea is to 
introduce natural interfacial polymerization [70] and facilitate the encapsulation of the 
majority of EPON 825 inside. Furthermore, because no materials other than the resin and 
its curing agent are included in the final product, this will also help improve the final 
bonding strength by eliminating unnecessary ingredients. Preliminary results showed a 
successful encapsulation of EPON 825 inside shells formed from the reaction between 
itself and the curing agent in the surrounding environment (Fig. 38). However, because of 
the nature of the softness of the epoxy film, these capsules were too weak to be used for 
actual applications. Nevertheless, the idea is still promising, and with the right type of 
curing agent and curing condition, this would be able to become a better encapsulation 
method than using other materials to form a shell. Another approach was to emulsify EPON 
825 with water and use this emulsion as the inner fluid in the acrylate capsules’ 
water/oil/water system. Capsules were successfully generated but both the stability of the 







Figure 38. Optical images of (a) dry capsules containing EPON 825 fabricated with 
interfacial crosslinking, and (b) the releasing of EPON 825 through capsule breakage. 
 
5.4  Future Work 
5.4.1  Triple Emulsion Drop Generation for Epoxy Encapsulation 
Another option was to encapsulate epoxy inside acrylate capsules so that it can benefit the 
highly controllable mechanical properties. Since acrylate mixes with epoxy, a solution to 
achieve this goal is to use triple emulsion systems. Triple emulsion generations have been 
developed before, when we were looking for catalyst encapsulation systems (Fig. 39). 
System like this is very useful when the shell material mixes with the core solution. The 
proposed solution selections for epoxy encapsulation are marked on the zoomed-in image. 
Because epoxy would mix with acrylate, an aqueous phase in between as a buffer layer 
would be necessary. After crosslinking the polymer shell (outer fluid in this case), the 
buffer layer can be removed through evaporation and only epoxy will be trapped inside the 
acrylate shells. However, this system normally took much more effort to stabilize and 





Figure 39. Optical images of triple emulsion generation within a quadruple input device. 
The zoomed-in image shows the interfaces between four different fluids near the drop 
generation region. 
 
5.4.2  Encapsulation of Curing Agents 
In order to meet the ultimate application needs, it is also important to encapsulate the curing 
agent. Different approaches have been tested in order to encapsulate the curing agent. One 
approach was through acrylate capsules’ water/oil/water double emulsion generation. 
Water-soluble curing agents such as EPIKURE 8537 (60 wt% in water, Hexion Specialty 
Chemicals, Houston, TX) was dissolved into water at a weight percentage of 25% and used 
as the inner fluid in the system. By dissolving into water, it not only allows the possibility 
of emulsion generation because the solution is immiscible with the acrylate solution, but 
also lowers the viscosity of the inner fluid from close to 10 Pa·s (stock solution) to 0.1 Pa·s 




generation. Acrylate capsules encapsulating the EPIKURE solution were successfully 
generated. However, because of the relatively low weight percentage of the curing agent, 
the final dry capsules appeared to contain small fraction of epicure (~15 vol%) and thus 
this is not an efficient encapsulation method. Another approach is to lower the viscosity of 
curing agents with heat and use the same acrylamide encapsulation method developed for 
EPON 825. The preliminary results indicate a successful core-shell structure can be 
generated through this route. But the shell strength was greatly reduced probably due to 
the mixing of curing agent and acrylamide solution. An ideal curing agent will have low 
viscosity at room temperature and the molecular weight is high enough to not mix with the 
surrounding aqueous solution. The curing agent can also be mixed into volatile organic 
solvents that have a low solubility with water. This way, oil/water/oil double emulsion 
drops with the acrylamide in the middle phase might work. During drying, not only water 
evaporates from the acrylamide shell, but also the organic solvent could evaporate from 
the core. Using the same material (acrylamide) to encapsulate both the resin epoxy and the 
curing agent will also help later in the breaking of mixed capsules. 
 
5.4.3  Installation of Capsules on Patch Material 
When the fabrication of the capsules is finished, it is then necessary to develop techniques 
for applying these capsules to the substrate or patch material. One possible method is to 
spray the capsules to the substrate coated with adhesives to stick them to the substrate. In 
that case, evaluation of the capsule strength beforehand is needed to make sure they don’t 
break when being sprayed. The easiest way to adjust the mechanical strength of the 




possibilities of composition change such as addition of silica nano-particles into the shells 
should also be studied. Another possible approach for installation is to first suspend the 
capsules in the volatile oil phase (1 cSt PDMS oil) and then immerse the substrate into the 
oil phase and let the capsules sediment on the substrate. Because the capsules can move 
freely in the suspension, it is possible to reach denser and ordered packing with external 
forces such as vibration. Once capsules sit on the substrate and are dried, an adhesive 
coating can be sprayed over the substrate and stick the capsules to the substrate. 
 
5.5  Conclusions 
The possibility of efficiently encapsulating structural epoxy (EPON 825) in monodisperse 
acrylamide microcapsules via microfluidic processing was demonstrated. This technique 
allows a simple generation of double emulsion drops containing the UV-crosslinkable 
polymer solution in the shell phase and the epoxy in the core. The subsequent UV exposure 
and drying finishes the encapsulation of the epoxy in solid capsules. Capsules generated 
are in the size range of 150-200 µm, and the epoxy volume percentage is over 85%. Over 
90% of the capsules retained their integrity after the initial UV-crosslinking. Dried 
acrylamide capsules have sufficient mechanical strength to protect the encapsulated EPON 
825. The capsules were also broken under external stress and the epoxy appears to maintain 
good reaction activity for curing after being released. Preliminary bonding test showed that 
the epoxy released cured in excessive curing agent without extra mixing which is typically 
needed for normal two-part epoxy system. This new technique enables the possibility of 
encapsulation and controlled releasing of water-immiscible reactive or functional chemical. 




for applying these capsules onto the substrate or patching material to fabricate the quick 




CHAPTER 6. OTHER ENCAPSULATION APPROACHES 
6.1  Introduction 
In addition to the encapsulation systems discussed above, this section will present other 
schemes, including the encapsulation of a water-immiscible catalyst in acrylamide capsules, 
the preliminary trials of a heat-sensitive encapsulation media, and the development of bio-
compatible particles that could be used for diffusion-based controlled release in aqueous 
environment. 
 
6.2  DBTDL-Acrylamide Capsules 
6.2.1  Introduction 
The two encapsulation systems for DABCO previously discussed can be expanded for 
other water-soluble ingredients, but not for water-immiscible ones. Here we will present 
the encapsulation of dibutyltin dilaurate (DBTDL), a colorless oily liquid that is often used 
as a catalyst for polyurethane production and other applications. Lab bench tests showed 
that DBTDL mixes with acrylate, but doesn’t mix with water and has a high interfacial 
tension against water. Furthermore, its viscosity is low enough to flow inside microfluidics 
without heating or dilution. Thus the aqueous acrylamide solution used for EPON 825 was 
applied for DBTDL encapsulation. The pressure-triggered releasing of DBTDL from dry 




6.2.2  Experimental Setup 
The experimental setup is similar to what has been shown in Chapter 5.2 for acrylamide 
capsules. The only difference is that the solutions didn’t require to be heated like EPON 
encapsulation and the inner fluid was DBTDL as purchased (95%, Sigma, St. Louis, MO) 
without further purification. DBTDL was captured in the UV-crosslinked acrylamide 
solution and then dried for further tests. Observations were performed with the same 
inverted microscope mounted with fast camera and images were analyzed with ImageJ. 
 
6.2.3  Results and Discussions 
6.2.3.1  Double Emulsion Drop Generation 
The drop generation of DBTDL-acrylamide was similar to the previously discussed ones 
except for a few differences. DBTDL-acrylamide drops coalesce easily when they were 
not crosslinked. To avoid this, they need to be crosslinked before they exited the device. 
The design change to the system was that a long exit tubing was used instead of a typical 
short exit tubing (Fig. 40a). The long exit tubing helps to maintain a uniform travel speed 
to reduce drop to drop contact. The drops were exposed to UV within 20-30 seconds of 
generation and due to the length of exit tubing used, at least 5 minutes of UV exposure 
were applied before they were collected. Also, the coatings of the device tips were reversed 
to facilitate the generation of oil/water/oil emulsions. Monodisperse drops formed near the 
entrance of exit capillary and traveled down the exit capillary (Fig. 40b). Collected 




inside (Fig. 40c). Drops were collected in the oil continuous phase and exposed for another 
hour of UV to ensure full crosslinking. 
 
Figure 40. (a) Photo of the microfluidic device with elongated exit tubing. Optical images 
of (b) formation of DBTDL-acrylamide double emulsion drops near the entrance of exit 





6.2.3.2  Harvesting and Crushing of Capsules 
The harvesting step is the same as that for EPON-acrylamide in Chapter 5.3.2. The 
continuous phase was replaced with the volatile oil to allow drying of the hydrogel capsules 
(Fig. 41a). The acrylamide hydrogel shell gradually became solid as the water and the 
volatile oil evaporated (Fig. 41b). Note that the shape of the microcapsules became oval-
like because of the off-centered core-shell ended up with uneven distribution of 
polyacrylamide network. More importantly, almost all capsules had good integrity, and 
were able to protect their DBTDL cores inside. Also, some residual 10 cSt PDMS and 749 
were not volatile and thus were left behind with the capsules. In order to remove the 
residual oil, the capsules were re-dispersed in 1 cSt PDMS/749 again and filtered with a 
filter cloth with a 25 µm pore size (Fig. 41c). The capsules were then rinsed thoroughly 
with 1 cSt PDMS oil (no 749 surfactant) to ensure a complete removal of all excess material, 
and to obtain the final product in loose powder form (Fig. 41d-41e). Based on the flow 
rates and solution compositions used in the generation, the weight fraction of DBTDL in 





Figure 41. (a) Photo of capsules being dried in an open Petri dish, (b) optical image of dry 
capsules with residual non-volatile oil components, (c) optical image of capsules re-
dispersed in 1 cSt PDMS/749 oil, (d) photo of dry capsules on top of filter cloth, and             




Dry DBTDL-acrylamide microcapsules were also tested for its chemical releasing under 
pressure. Fig. 33a shows a group of microcapsules placed in between two pieces of glass 
slides. The top slide was pushed down with finger and capsules were crushed, and the 
whole process was monitored with the camera at 125 fps. Fig. 42b shows the same group 
of microcapsules after crushing was complete. DBTDL liquid was observed to flow out of 
the broken capsules and individual droplets joined together due to surface tension. 
 
Figure 42. Optical images of (a) a group of dry DBTDL-acrylamide microcapsules, and               
(b) DBTDL released from the same group of microcapsules after crushing.  
 
The released liquid was corroborated to be DBTDL, not PDMS oil with fluorescent 
microscopy. DBTDL is fluorescent and can be excited by light with a wavelength of 
approximately 495 nm, while PDMS oil can’t. Bright liquid (DBTDL) released from 
crushed capsules was observed with the help of fast camera (Fig. 43). The emitted light 
from the microcapsules was dim and the frame rate (exposure time) was relatively high 
(1/125 s), thus the images have lots of noise. All images were processed in the same way. 





Figure 43. Fluorescent images of DBTDL-acrylamide microcapsules getting crushed with 
fluorescent excitation at (a) 0 s, (b) 0.1 s, (c) 0.2 s, and (d) 0.5 s of crushing. The scale bar 
applies to all images and equals to 200 µm. 
 
6.2.4  Conclusions 
As an encapsulation method for water-immiscible chemical, procedure to obtain DBTDL 
covered in acrylamide shells was demonstrated as well. Pure (95%, as received) DBTDL 




through evaporation in oil continuous phase. These pressure-sensitive capsules have a 
relatively high percentage (84.2 wt%) of the target chemical in the final dry powder.  
 
6.3  Intelimer Capsules/Particles 
6.3.1  Introduction 
Other than pressure-sensitive or chemically soluble capsules, the preliminary trials of heat 
sensitive particle/capsule fabrication made with Intelimer will be present in this section. 
Intelimer 13-6 polymer is a side-chain crystalline polymer that is 100% solid at room 
temperature and can change from crystalline status to completely amorphous molten status 
within the span of 5-7 °C difference [71]. Different Intelimer types will have different Tg 
depending on the molecule structure and the one used in this project has a trigger 
temperature of 65 °C based on the info from the manufacturer. It can dissolve in different 
oils and solvents and is frequently used as a temperature-triggered viscosity modifier in 
applications such as personal care products. This section focuses on using this material to 
generate heat-sensitive capsules/particles that would allow release of content at the 
designed temperature.  
 
6.3.2  Experimental Setup 
After a set of bench tests (results not shown), a 0.3 g/ml Intelimer/chloroform solution was 
picked for drop generations. Intelimer 13-6 powder ((Air Products and Chemicals, Inc., 
Allentown, PA) was mixed into chloroform by on a tumble wheel for 24 hours before being 
used as the polymer phase. This mixture can be used at room temperature without the need 




continuous phase was the same water, glycerol, PVA (surfactant) mixture mentioned in 
Chapter 3.2.1. In addition, for double emulsion generation, the inner fluid used in this work 
was an aqueous solution containing 2 wt% PVA. Collected drops were left in a thin layer 
of continuous phase to allow the evaporation of chloroform, and solid particles/capsules 
can be obtained. Image capture and analysis tools remain the same as the other 
encapsulations discussed earlier. 
 
6.3.3  Results and Discussions 
Fig. 44a shows the double emulsion generation while 0.3 g/ml Intelimer/chloroform 
solution was used as the middle phase. The drop generation was stable and collected drops 
had minimum coalescence or were mostly able to remain their core-shell structures. These 
drops were collected in continuous phase where they sediment in. After collection, the 
majority of the continuous phase was removed and only a thin layer of continuous phase 
was left to cover the double emulsion drops to enable the removal of chloroform. After 48-
72 hours, chloroform evaporated from the capsules (Fig 44b). After fully washing and 
drying, dry capsules seem to maintain their core-shell structures (Fig. 44b insert). Note that 
there appears to be a few capsules breaking at the thinnest part of the shells. Similarly, 
Intelimer particles can be fabricated as well (Fig. 44c). In the future, by dissolving target 
chemical into Intelimer mixture, this type of particles can serve as a matrix type 





Figure 44. Optical images of (a) double emulsion generation with Intelimer solution in the 
middle phase, (b) solid Intelimer capsules after chloroform removal (inserted image shows 
fully dried capsules), (c) solid Intelimer particles after chloroform removal (inserted image 
shows fully dried particles). 
 
Fig. 45 shows the morphology change of dry Intelimer capsules when temperature was 




microscope equipped with the fast camera to allow us to capture the sharp melt transition. 
The capsules were placed on a glass slide on top of a heating pad controlled by a voltage 
controller. As the temperature increased after the controller was turned on, the capsules 
started to melt once its Tg was reached. The temperature measured at the moment of 
melting was 80 °C, slightly higher than the product data but was reasonable due to the 
rapidly increased temperature (increased from 30 °C to 80 °C in about 150 seconds) and 
the position offset between the thermal couple and the samples. The melting of Intelimer 
capsules occured in less than 1 second. Further research on this type of capsules for 
applications related to heat-sensitive releasing or temperature sensors can be expected. 
 
Figure 45. Optical images showing the melting of Intelimer microcapsules at (a) 0 second, 




6.3.4  Conclusions 
Intelimer capsules and particles have been generated for the first time by processing 
Intelimer/chloroform solution in microfluidics. The drop generation was stable and 
collected drops remain their integrity. After the removal, particles and capsules with a 
diameter of about 50 µm were fabricated. The melting of intelimer capsules were also 
demonstrated by monitoring its phase transition with fast camera. This technique offers a 
new system that could be applied in temperature related chemical releasing and sensoring. 
The next step should be focused on characterization of the encapsulation performance. 
 
6.4  Cellulose Nanocrystal (CNC) Particles 
6.4.1  Introduction 
In addition to the different types of polymer microcapsules discussed above, we’ve also 
developed the fabrication procedure for more biocompatible cellulose nanocrystal (CNC) 
particles. CNCs are nanosized cellulose fibrils obtained from native fibers through acid 
hydrolysis. They are not only abundant, but also possess great properties including high 
modulus (130 GPa), tensile strength (7 GPa), and the capacity to modify surface chemistry 
[72-74]. CNCs have been studied to use in a wide range of applications but haven’t received 
much attention in the processing of CNC suspensions in microfluidics to obtain CNC 
particles for agriculture and drug delivery applications. Here we present single and double 
emulsion microfluidic generation for fabricating particles with different CNC 




6.4.2  Experimental Setup 
6.4.2.1  Emulsion Solutions 
For both single and double emulsion generations, the inner fluid is always CNC suspension 
prepared at different wt% in water. Sulfonated CNC were purchased from United States 
Department of Agriculture (USDA) National Forest Products Laboratory (FPL) as free-
dried powders and were mixed in water by homogenization with an ultrasonic sonifier 
(Sonifier S-250D, Branson America, Danbury, CT). All suspensions were sonicated with 
the same power setting and the total time was adjusted based on CNC wt%, up to 270 
seconds. Note that an ice bath was used during homogenization to ensure the CNC 
suspensions didn’t over heat and suffer from de-esterification of the sulfate groups [75]. 
The suspensions were covered in aluminum foil and were left on the tumble wheel for at 
least 6 hours, but no more than 24 hours before used. CNC-loaded hydrogel particles were 
produced by adding 10 wt% UV-crosslinkable poly(ethylene glycol) diacrylate (PEGDA, 
MW = 526 g/mol, Polysciences, Inc., Warrington, PA), 1 wt% crosslinker N,N’-methylene 
bisacrylamide (Sigma, St. Louis, MO, USA), and also 1 wt% (2-hydroxide-4’-(2-
hydroxymehoxy)-2-methylpropiophenone (Sigma, St. Louis, MO) as the photoinitiator in 
CNC suspensions. PEGDA and crosslinker were mixed with CNC together during 
ultrasonic homogenization while the photoinitiator was typically added to the solution 4 
hours before the experiment. 
 
For double emulsion generation, the outer fluid (the continuous phase) is composed of 40 




(vinyl alcohol) (PVA) (molecular weight: 13,000-23,000 g/mol, 87-89% hydrolyzed, 
Sigma, St. Louis, MO) in DI-H2O. The middle fluid for double emulsion generation is 
composed of 98 wt% polydimethylsiloxane (10 cSt PDMS oil, Clearco Products, Bensalem, 
PA) and 2 wt% of decamethylcyclopentasiloxane with trimethylated silica (749 fluid, Dow 
Corning, Midland, MI). The same PDMS solution was used as the continuous phase in 
single emulsion generation. 
 
6.4.2.2  Emulsion Generation and Particle Collection 
The general procedure for emulsion generation was similar to aforementioned 
water/oil/water (acrylate, SBS) emulsion generation in Chapter 2. Briefly, a three-input 
microcapillary device with hydrophobic or hydrophilic coatings that help drop generation 
was used. During double emulsion generation, the outer fluid hydro-dynamically shears 
the co-axial fluid jet of inner and middle fluids, and monodisperse double emulsion drops 
of inner drop surrounded by the middle fluid can be generated at rates up to 3,000 drops 
per second. For single emulsion generation, both the middle and outer fluids are the same 
PDMS oil mixture that will break the inner fluid (CNC solutions) into monodisperse drops 
near the entrance of the exit capillary. 
 
In order to harvest CNC particles out of solution and dry them, UV exposure was applied 
to the generated drops to UV-crosslink PEGDA to help trap CNC within the structure. The 
drops were either crosslinked as they were collected (single emulsion), or crosslinked after 
the drops reach equilibrium (double emulsion). Once fully crosslinked, CNC particles were 




of water and isopropyl alcohol. Dry CNC particles can then be harvested after the 
evaporation of the water from the hydrogel particles. 
 
6.4.3  Results and Discussions 
6.4.3.1  CNC Solutions 
The rheological properties of the solutions used in microcapillary devices can greatly affect 
the range of drop size that can be generated. Moreover, solutions with a viscosity higher 
than 10 Pa·s could lead to high pressures within the device, resulting in unstable drop 
generation. CNC suspensions are known to have high viscosities even for low 
concentrations less than 15% [76]. With the measurement of the CNC suspensions’ 
viscosity (data not shown), it was found that for CNC suspensions, 10-12 wt% solutions 
are practically the highest concentrations that could be used in microfluidics without 
causing clogging in the capillaries. These concentrated solutions also exhibit a shear 
thinning effect. For example, for 12 wt% solution, its viscosity can drop from 31.3 Pa·s to 
0.65 Pa·s when shear rate increased from 10-3 to 102 s-1. This viscosity change can be 
attributed to the small CNC domains (tactoids) breakup and alignment of CNC fibers under 
shear [77,78]. 
 
6.4.3.2  CNC Particles Generated with Single Emulsion Drop Generation 
Three different concentrations (5, 10, 12 wt%) of CNC solutions were used in single 
emulsion generation to study the drop diameters that could be generated in a 40µm-80µm 




device, individual flow rates were adjusted for monodisperse drop breakup. A typical 
single emulsion generation is shown in Fig. 46a where the inner fluid was 10 wt% CNC 
solution. In this example, the flow rate of the two continuous phases was 1,000 µL/hr each, 
while the inner fluid flow rate was 100 µL/hr. In the single emulsion generation, we define 
a flow rate ratio as Qouter/Qinner where Qouter is the combined flow rate value for the two 
continuous phases and Qinner is simply the inner fluid (dispersed phase) flow rate. So for 
the generation example in Fig. 46a, the flow rate ratio is (1,000 + 1,000)/100, equaling to 
20, and the drop radius was measured to be 40.5 µm. The concentrations and flow rates for 
different stable monodisperse drop generations were recorded, and the relationship of drop 
radius as a function of flow rate ratio was plotted (Fig. 46b). With 5 wt% solution, a wide 
range of drop size adjustment can be obtained from 156 µm to 14 µm when the ratio 
changed from 5 to 140 and the shearing from the continuous phase increased [26]. Also, 





Figure 46. (a) Optical image of single emulsion drop generation with 10 wt% CNC solution, 
and (b) drop radius as a function of flow rate ratio for single emulsion drops generated with 
different CNC wt%. 
 
After adding PEGDA to the CNC solutions, the particles can be harvested once 
crosslinking was completed. Fig. 48a shows CNC/PEGDA hydrogel particles fabricated 
from 10 wt% CNC + 5 wt% PEGDA solutions. As expected, they are uniform in size with 
a coefficient of variation less than 3 %. The original hydrogel particles have a diameter of 
77 µm. The continuous phase (10 cSt PDMS + 749) was replaced with volatile 1 cSt PDMS 




(Fig. 46c). The re-hydrated particles have an average diameter of 77 µm, indicating a 
successful preservation of the CNC network, with the help of PEGDA. 
 
Figure 47. Optical images of the crosslinked CNC/PEGDA particles in (a) original 
hydrated status in PDMS oil, (b) dried status, and (c) re-hydrated status when they were 
put back in water.  
 
6.4.3.3  CNC Particles Generated with Double Emulsion Drop Generation 
Particle fabrication with single emulsion generation was straightforward, but the CNC 
concentration was limited to 12 wt% because higher concentrations would make the 
solutions too viscous to flow inside the microcapillary device for monodisperse drop 




drop inside the PDMS oil drop. The PDMS oil drop serves as a semipermeable membrane 
for water to diffuse from the core to the continuous phase by applying an osmotic pressure 
gradient [79,80], and this eventually increased the CNC concentration in the core beyond 
those permitted by typical bench-top mixing. Fig. 48a shows the double emulsion 
generation while the inner fluid was composed of 5 wt% CNC, 2.5 wt% PEGDA mixture 
and 1 wt% glycerol. Since the outer fluid (continuous phase) contains a constant 40 wt% 
glycerol, the amount of glycerol in the inner fluid controls the osmotic gradient to increase 
CNC wt% until the pressures were matched at equilibrium or a maximum allowed wt% 
was reached. Samples with different starting inner fluids were generated with the same 
starting inner drop size at 115 µm, and they were placed in flat capillaries for continuous 
tracking of size change under microscope. Fig. 48b shows the plot of CNC wt% as a 
function of time for these samples. Optical images of when the samples reach equilibrium 
are also shown in Fig. 48c-48f. For samples observed, the equilibrium was typically 
reached in around 40 minutes. The corresponding equilibrium CNC wt% ranges from 14 
wt% to 61 wt% when starting glycerol concentration changes from 10 wt% to 0 wt%. A 
lower glycerol concentration in the starting inner fluid means a higher osmotic gradient 
between inner fluid and outer fluid, which in turn requires more water to diffuse out of the 
drop to reach equilibrium and thus higher final CNC wt% was achieved. The highest CNC 
equilibrium concentration (0 wt% glycerol in inner fluid) was 61 wt%, and correspond to 
a 53 vol%. The CNC nanofibers used in this study have an aspect ratio of ~10 (long 
axis/short axis). It has been reported that the vol% value for a randomly oriented packing 
of similar fibers can reach a maximum value near 0.4-0.5 [81,82], while a perfect 




suggested the boundaries for maxing packing. Based on this, there’s probably an early stage 
of aggregation and self-assembly for the CNC fibers in solution when the water is released 
from the core to the continuous phase. Better understanding of the behavior can be 
correlated to our observations of chiral nematic phase in the solutions over time with the 
cross-polarized microscopy (data not shown) and would require more investigations in the 
future. 
 
Figure 48. (a) Optical image of a characteristic double emulsion generation with 
CNC/PEGDA/1 wt% glycerol solution as the inner fluid. (b) Plot showing CNC wt% in 
the inner drop as a function of shrinkage time, when suspensions with different starting 
glycerol wt% were used and (e-g) optical images of the drops at equilibrium for different 




Once the inner drops reached equilibrium, the double emulsion drops were exposed to UV 
to trap the concentrated CNC with the PEGDA network. Fig. 49a shows the double 
emulsion drops (5 wt% CNC, 2.5 wt% PEGDA, 0 wt% glycerol) at equilibrium where its 
core diameter was 48 µm and its CNC concentration was 61 wt%. The drops were 
harvested by removing the surrounding oil phase and repeatedly wash them with 1:1 
water:isopropyl alcohol solution. After a complete drying, particles appear to maintain their 
integrity and have an average diameter of 41 µm (Fig. 49b). These dry particles appear 
much more spherical than the particles produced from single emulsion generation (Fig. 47b) 
probably due to the fact that for these particles, CNC was highly concentrated when UV 
exposure was applied, thus the volume changed less when they were dried. The rough 
surface was hard to distinguish with bright-field optical microscopy, so these dry particles 
were coated with sputtered gold and were observed with SEM (Fig. 49c). The dry particles 
have corrugated surface with folds of approximately 0.4 µm in size (peak to peak). Some 
degrees of local alignment were also visible and more thorough studies other than the 
surface images will be needed to get a comprehensive idea of the overall structure. When 
placed back in water, these particles re-hydrated easily and swelled to a diameter of 54 µm, 
corresponding to 40 wt% CNC (Fig. 49d). The difference in size between original drop and 
the re-hydrated drop is likely because of the change of environment. The original drop was 
in a concentrated glycerol environment, which removes water from the core and tightly 
constrained the CNC fibers. When put back into water with no glycerol, the CNC fibers 
became fully hydrated and expanded to reach a new equilibrium. Note that in the future, 
the PEGDA concentration can be increased for more efficient structure fixing if the 




Figure 49. Optical images of characteristic samples generated with CNC/PEGDA/0 wt% 
glycerol solution as the inner fluid when they were (a) double emulsion drops surrounded 
by PDMS oil middle phase at equilibrium, (b) cleaned and dried in air, (c) observed with 
SEM, and (d) re-hydrated in water. The zoomed-in image in (c) shows the surface 
roughness of the dry particle under SEM. 
 
6.4.4  Future Work 
In addition to the optimization of the procedure, characterization of the encapsulation 




particles will vary depending on the final CNC concentration. A more closely-packed 
network will likely be able to trap small molecules while a looser network might only be 
able to trap long chain molecules. Applications based on swelling behavior when re-
hydrated should also be further studied so that it might be applied for diffusion-based 
applications such as in drug-delivery. 
 
Moreover, CNC capsule can also be fabricated for encapsulation purposes. The preliminary 
trials with CNC solution in the middle phase and different oil phases (PDMS oil, 
peppermint oil, lemon oil) inside have be carried out and the results were promising. Fig. 
50a shows a double emulsion generation with 5 w% CNC/10 wt% PEGDA as the middle 
fluid while both inner and outer fluid are 10 cSt PDMS/749. The generation was stable, 
and the core-shell structure could be well preserved with UV exposure applied within 1 
minute of drop generation. Fig. 50b shows a few crosslinked CNC/PEGDA capsules that 
had the same shell composition, and 48 wt% peppermint oil/ 50 wt% light mineral oil/749 
as the inner fluid. The capsules appear well preserved, indicating a possibility of 
encapsulation. Although the dried capsules didn’t always maintain a good spherical shape 
(Fig. 50c), more uniform capsules can be obtained by controlling the drying rate based on 





Figure 50. Optical images of (a) double emulsion generation with CNC/PEGDA as middle 
fluid for capsule generation, (b) peppermint oil encapsulated in crosslinked CNC/PEGDA 
capsules suspended in water, (c) the same capsules in (b) when they were dried in PDMS 
oil environment, and (d) peppermint oil droplets embedded in crosslinked CNC/PEGDA 




Other than double emulsion generation, encapsulation can also be achieved by generating 
single emulsion drops of oil in CNC microemulsion too. 10 vol% peppermint oil was 
emulsified in 10 wt% CNC/5 wt% PEGDA solution with a mechanical homogenizer. The 
obtained microemulsion was then used in single emulsion generation. The generated drops 
were exposed to UV and then observed under microscope (Fig. 50d), showing successful 
encapsulation of peppermint oil droplets inside the CNC hydrogel particle. 
  
6.4.5  Conclusions 
The work presented in this section demonstrates that it’s possible to use microfluidics to 
process CNC suspension for monodisperse drop generation and hydrogel particle 
fabrication when UV-crosslinkable PEGDA was added. CNC suspensions up to 12 wt% 
were successfully processed in single emulsion generation with diameters ranging from 14 
to 156 µm by changing the flow rates. PEGDA, once crosslinked, helped to fix CNC 
structure for harvesting purpose. Dry CNC particles could be stored in the dry powder form, 
or re-hydrated in water. CNC/PEGDA hydrogel particles with CNC concentrations up to 
61 wt% could be fabricated through double emulsion generation. Water was driven by 
osmotic pressure to diffuse from the core to the continuous phase, until the pressures on 
both sides of the semipermeable PDMS layer were balanced. It was also found that the 
equilibrium core size can be controlled, by tuning the osmotic pressure gradient with 
glycerol concentration difference. These biocompatible CNC particles and capsules (in the 
future) would open new doors for practical applications by providing a solution that uses a 




CHAPTER 7. FUTURE WORK 
In addition to the future work mentioned in the previous chapters, one important future 
work to adapt microfluidic generation for industrial mass production is to improve its 
production rate. Different researches have been developed for this goal, including parallel 
reactor fabrication through soft lithography [84], parallelized microcapillary devices [85], 
coaxial annular glass/metal modules [86], emulsification with asymmetric straight-through 
channels [87], and parallel microchannel array [88]. 
 
A few ideas and prototypes have been tested in the lab. Fig. 51a-51b are the AutoCAD 
drawings for parallel device fabrication through soft lithography, which allows 8 units to 
work simultaneously followed by serpentine channels for UV crosslinking. Fig. 51c shows 
a parallel microcapillary device, which has four similar double emulsion generation units. 
These units share the same set of fluid inputs and fluids were splitted into the four units 
before they reach the drop generation region. In the preliminary trial, 3 out of 4 could work 
simultaneously to generate monodisperse drops. Fig. 51d shows two double emulsion 
generations captured with the fast camera at the same time. The drops were monodisperse 
in both channels and the generation was stable. The total fluid consumption was doubled 
and thus can produce twice as fast as normal devices. In addition, 4 simultaneous single 




building parallel channels together, it’s also possible to build simple individual units and 
then couple them afterwards. Two examples are shown in Fig. 51f-51h where the typical 
microcapillary devices were simplified to allow the possibility of coupling multiple units. 
With all these trials, it was found that the biggest challenge of coupling multiple units is 
that any pressure difference in one or more units will bring instability to the system and 
make it unable to produce monodisperse drops in all units. More precise duplications of 
each unit will be required to get it to work [84,86]. 
 
Figure 51. (a) AutoCAD design for parallel microfluidic device, (b) drop generation unit 
for the parallel microfluidic device, (c) photo of a microcapillary device with four parallel 
channels, (d) photo of simultaneous parallel double emulsion generation that shares one set 
of fluid inputs, (e) photo of four simultaneous single emulsion generations, (f) photo of 
microfluidic unit for simpler double emulsion generation with cross-junction design,                 
(g) optical image of region near the drop generation, and (h) photo of microfluidic unit for 




To improve the production rate other than the parallelized or multi-nozzle devices, two 
other systems have been developed that could be used to improve the production rate. Fig. 
52a shows a microfluidic device with four inputs, one more than a typical double emulsion 
device. Compared to typical ones, there’s an additional inner capillary inside the input 
capillary. This device can be used for triple emulsion generation (Chapter 5.4.1) but it was 
also found that it could be used for double emulsion generation, and the production rate 
can be greatly increased. It can generate drops smaller than typical double emulsion device 
(Fig. 52b), and also the drop generation rate can go up to 15,000 drops per second (typical 
device is normally about up to 3,000 drops per second). In addition, a vibration-assisted 
generation with microcapillary devices was developed recently (Fig. 52c). The device was 
made with a tapered glass capillary pasted to a substrate and a fluid input is glued to the 
end. The device was held against a contact speaker whose input was controlled by 
frequency generator app with a smart phone. In normal situations, when a liquid is extruded 
out of a nozzle at constant flow rate, it produces a laminar jet, which breaks irregularly into 
short lengths and forms poly-dispersed spherical drops due to surface tension. It has been 
demonstrated that controlled breakup of the jet into uniform droplets can be achieved by 
simply applying a sinusoidal force at defined frequencies to the jet, resulting in droplet 
formation of one drop per hertz [33,89]. The sinusoidal force can be applied by methods 
such as vibrating the nozzle and this is basically the same as vibrating the device with the 
contact speaker in our setup. Fig. 52d shows the vibration-assisted generation of 
Intelimer/chloroform jet in air. The flow rate for this example was 150 ml/hr, much higher 
than the rate of 1-5 ml/hr mentioned in traditional microfludics. In the next step, the focus 




cooling or heating, or chemical means, e.g. gelation or UV-crosslinking, to allow sample 
collection [90]. 
 
Figure 52. (a) Photo of a quadruple input device, (b) optical image of double emulsion 
generation with the quadruple input device, (c) photo of vibration-assisted single emulsion 






CHAPTER 8. CONCLUSIONS 
In this document, the different encapsulation systems based on microfluidic double 
emulsion generation were demonstrated. The first project focuses on the encapsulation of 
DABCO, a catalyst for polyurethane coating formulations. Two approaches were 
developed to provide different protection and controlled release mechanisms for DABCO. 
The first approach is to use an ultraviolet-crosslinkable polymer, acrylate as the shell 
material. After drying, the catalyst remained inside capsules and pH measurement indicated 
a yield over 90 %. By changing the flow rates, the diameter of the fabricated capsules 
ranges from 15 µm to 280 µm, and shell thickness ratio (t/R) can be changed from 0.10 to 
0.28, to allow strength adjustments. A volatile PDMS oil was later added into acrylate as a 
sacrificial phase to introduce porosity to the microstructure. Capsules and particles 
fabricated with the oil showed a strength decrease of up to 2 order of magnitude. The 
addition of oil also significantly reduced the debris size and thus would have less impact 
in the finish of polyurethane coating. The second approach for DABCO encapsulation is 
to generate chemically soluble SBS shells in the 100 to 200 µm size range with 
water/oil/water double emulsion generation. After drop generation, water diffused from the 
aqueous phases into the middle fluid and caused spontaneous phase separation in the shell 
solution due to the reduced polymer solubility. Solid capsules were then obtained after 




and dry states and easily dissolved in organic solvents such as carbon tetrachloride or 
toluene to release the encapsulated chemical. 
 
The development of encapsulation for a structural epoxy, EPON 825, was also discussed. 
An oil/water/oil double emulsion generation was used to encapsulate the water-immiscible 
epoxy inside UV-crosslinked acrylamide hydrogel shells. In order to flow the epoxy in the 
device and generate emulsion drops, a heating unit was added to the system to lower the 
viscosity of the inner oil phase (EPON 825) by about 2 orders of magnitude. After 
crosslinking, washing and drying, these capsules became solid and remained their core-
shell structures to keep EPON 825 inside. The final wt% of EPON 825 in the dry powder 
was calculated to be 93%. Moreover, the epoxy released from crushed capsules were still 
reactive and can cure under the presence of hardener without the need of mixing. This 
acrylamide system was also expanded to meet other encapsulation needs. DBTDL, a water 
immiscible catalyst, was encapsulated in the same acrylamide hydrogel capsules. With a 
crosslinking procedure tailored for DBTDL, monodisperse capsules were successfully 
obtained with an 84% DBTDL weight percentage. The releasing of DBTDL under external 
pressure was also corroborated with fluorescent microscopy.  
 
In addition, heat-sensitive and biocompatible encapsulation systems were developed 
individually for other application needs. For the first time, Intelimer 13-6 polymer was 
successfully used to fabricate micro-capsules and particles by processing its mixture with 
chloroform at room temperature. During the preliminary test, the generated sample could 




nanocrystals (CNCs) particles were also fabricated by imbedding a UV-crosslinkable 
PEGDA into the CNC network for structure fixation. The CNC loading in the final product 
can be as high as 61 wt%, which is hard to achieve with typical bench top mixing. The 
generated particles, ranging from 15 to 150 µm in diameter can be used for controlled 
release upon hydration of the dry particles. 
 
In summary, encapsulation achieved with microfluidics can provide tailored properties for 
various types of chemicals. The systems developed in this project covered different 
schemes, including pressure-sensitive or chemically-dissolvable capsules for water-soluble 
chemicals, pressure-sensitive capsules for water-immiscible ingredients, heat-sensitive 
capsules and also bio-compatible encapsulation media. Because microfluidic generation 
gives a narrow size distribution, the product properties can be more predictable and 
controllable. Also, the relatively small size of the capsules (< 200µm) provides more 
surface area per weight than as-received powders, and allows a relatively faster reaction 
rate. Due to the limited time of this project, there are many other encapsulation systems 
that were not explored yet. The methods to improve production rate will also need to be 
developed to meet industrial mass production needs. With that in mind, we are eager to see 















LIST OF REFERENCES 
[1] Caruso, F., D. Trau, H. Mohwald, and R. Renneberg. “Enzyme encapsulation in 
layer-by-layer engineered polymer multilayer capsules.” Langmuir, 2000: 1485-
1488. 
[2] Allan-Wojtasa, P., L. Truelstrup-Hansenb, and A. T. Paulson. “Microstructural 
studies of probiotic bacteria-loaded alginate microcapsules using standard electron 
microscopy techniques and anhydrous fixation.” LWT-Food Science and 
Technology, 2008: 101-108. 
[3] Ré, M. I. “Microencapsulation by spray drying.” Drying Technology: An 
International Journal, 1998: 1195-1236. 
[4] Gibbs, B. F., S. Kermasha, I. Alli, and C. N. Mulligan. “Encapsulation in the food 
industry: a review.” International Journal of Food Sciences and Nutrition, 1999: 
213-224. 
[5] Polk, A., B. Amsden, K. D. Yao, T. Peng, and M. F. A. Goosen. “Controlled release 
of albumin from chitosan-alginate microcapsules.” Journal of Pharmaceutical 
Sciences, 1994: 178-185. 
[6] Martinez, C. J., J. W. Kim, C. Ye, I. Ortiz, A. C. Rowat, M. Maqruez, and D. A. 
Weitz. “A microfluidic approach to encapsulate living cells in uniform alginate 
hydrogel microparticles.” Macromolecular Bioscience, 2012: 946-951. 
[7] Folkman, J., and D. M. Long. “The use of silicone rubber as a carrier for prolonged 
drug therapy.” Journal of Surgical Research, 1964: 213-224. 
[8] Desai, S. J., A. P. Siminelli, and W. I. Higuchi. “Investigation of factors influencing 
release of solid drug dispersed in inert matrices.” Journal of Pharmaceutical 
Sciences, 1965: 1459-1464. 
[9] Mason, N., C. Thies, and T. J. Cicero. “In-vivo and in vitro evaluation of a 
microencapsulated narcotic anagonist.” Journal of Pharmaceutical Sciences, 1976: 
847-850. 
[10] Edlund, U., and A. -C. Albertsson. “Degradable polymer microspheres for controlled 




[11] Alex, R., and R Bodmeier. “Encapsulation of water-soluble drugs by a modified 
solvent evaporation method. I. effect of process and formulation variables on drug 
entrapment.” Journal of Microencapsulation, 1990: 347-355. 
[12] Yeo, Y., O. Basaran, and K. Park. “A new process for making reservoir-type 
microcapsules using ink-jet technology and interfacial phase separation.” Journal of 
Controlled Release, 2003: 161-173. 
[13] Atkin, R., P. Davies, J. Hardy, and B. Vicent. “Preparation of aqueous core/polymer 
shell microcapsules by internal phase separation.” Macromolecules, 2004: 7979-
7985. 
[14] Okahata, Y., H. Noguchi, and T. Seki. “Functional capsule membranes. 26. 
permeability control of polymer-grafted capsule membranes responding to ambient 
pH changes.” Macromolecules, 1987: 15-21. 
[15] Chu, L. Y., S. H. Park, T. Yamaguchi, and S. Nakao. “Preparation of micron-sized 
monodispersed thermoresponsive core−shell microcapsules.” Langmuir, 2002: 
1856-1864. 
[16] Lulevich, V. V., I. L. Radtchenko, G. B. Sukhorukov, and O. I. Vinogradova. 
“Mechanical properties of polyelectrolyte microcapsules filled with a neutral 
polymer.” Macromolecules, 2003: 2831-2837. 
[17] Wang, Y. F., J. J. Shao, Z. L. Wang, and Z. X. Lu. “Study of allicin microcapsules 
in β-cyclodextrin and porous starch mixture.” Food Research International, 2012: 
641-647. 
[18] Fernandes, P. A. L., M. Delcea, A. G. Skirtach, H. Möhwald, and A. Fery. 
“Quantification of release from microcapsules upon mechanical deformation with 
AFM.” Soft Matter, 2010: 1879-1883. 
[19] Mathiowitz, E, and M. D. Cohen. “Polyamide microcapsules for controlled release. 
I. characterization of the membranes.” Journal of Membrane Science, 1989: 1-26. 
[20] Duncanson, W. J., T. Lin, A. R. Abate, S. Seiffert, R. K. Rhutesh K. Shah, and D. A. 
Weitz. “Microfluidic synthesis of advanced microparticles for encapsulation and 
controlled release.” Lap on a Chip, 2012: 2135-2145. 
[21] Song, J. S., F. Tronc, and M. Winnik. “Two-stage dispersion polymerization toward 
monodisperse, controlled micrometer-sized copolymer particles.” JACS, 2004: 
6562-6563. 
[22] Mcdonald, J. C., and G. M. Whitesides. “Poly(dimethylsiloxane) as a material for 




[23] Nie, Z., S. Xu, M. Seo, P. C. Lewis, and E. Kumacheva. “Polymer particles with 
various shapes and morphologies produced in continuous microfluidic reactors.” 
JACS, 2005: 8058-8063. 
[24] Priest, C., A. Quinn, A. Postma, A. N. Zelikin, J. Ralston, and F. Caruso. 
“Microfluidic polymer multilayer adsorption on liquid crystal droplets for 
microcapsule synthesis.” Lab on a Chip, 2008: 2182-2187. 
[25] Okushima, S., T. Nisisako, T. Torii, and T. Higuchi. “Controlled production of 
monodisperse double emulsions by two-step droplet breakup in microfluidic devices.” 
Langmuir 2004: 9905–9908.  
[26] Utada, A. S., E. Lorenceau, D. R. Link, P. D. Kaplan, H. A. Stone, and D. A. Weitz. 
“Monodisperse double emulsions generated from a microcapillary device.” Science, 
2006: 537-541. 
[27] Ye, C., A. Chen, P. Colombo, and C. J. Martinez. “Ceramic microparticles and 
capsules via microfluidic processing of a preceramic polymer.” Journal of the Royal 
Society Interface, 2010: 451-456. 
[28] Abate, A. R., and D. A. Weitz. "High-order multiple emulsions formed in 
poly(dimethylsiloxane) microfluidics." Small, 2009: 2030-2031. 
[29] Chu, L., A. S. Utada, R. K. Shah, J. Kim, and D. A. Weitz. “Controllable 
monodisperse multiple emulsions.” Angewandte Chemie International Edition, 
2007: 8970-8974. 
[30] Datta, S. K., A. K. Bhowmick, T. K. Chaki, A. B. Majali, and R. S. Despande. 
“Electron beam initiated modification of ethylene vinyl acetate using 
trimethylolpropane trimethacrylate.” Polymer, 1996: 45-55. 
[31] Schweitz, L. “Molecularly imprinted polymer coatings for open-tubular capillary 
electrochromatography prepared by surface initiation.” Analytical Chemistry, 2002: 
1192-1196. 
[32] Plateau, J. “Quatrieme note sur de nouvelles applications curieuses de la persistence 
des impressions de la retine.” Bull. Acad. R. Soc. BA Belg, 1849: 254-260. 
[33] Rayleigh, L. “On the capillary phenomena of jets.” Proceedings of the Royal Society 
of London, 1879: 71-97. 
[34] Keller, M. K., and N. R. Sottos. “Mechanical properties of microcapsules used in a 
self-healing polymer.” Experimental Mechanics, 2006: 725-733. 
[35] Rachik, M., D. Barthes-Biesel, M. Carin, and F. Edwards-Levy. “Identification of 
the elastic properties of an artificial capsule membrane with the compression test: 




[36] Lee, J., M. Zhang, D. Bhattacharyya, Y. C. Yuan, K. Jayaraman, and Y. W. Mai. 
“Micromechanial behavior of self-healing epoxy and hardener-loaded microcapsules 
by nanoindentation.” Materials Letters, 2012: 62-65. 
[37] Singletary, J., H. Davis, M. K. Ramasubramanian, W. Knoff, and M. Toney. “The 
transverse compression of PPTA fibers Part I Single fiber transverse compression 
testing.” Journal of Materials Science, 2000: 573-581.  
[38] González, C., and J. LLorca. “Mechanical behavior of unidirectional fiber-einforced 
polymers under transverse compression: microscopic mechanisms and modeling.” 
Composites Science and Technology, 2007: 2795-2806 
[39] Zhang, Z., R. Saunders, C. R. Thomas. “Mechanical strength of single microcapsules 
determined by a novel micromanipulation technique.” Journal of 
Microencapsulation, 1999: 117-124.    
[40] Carin, M., D. Barthès‐Biesel, F. Edwards‐Lévy, C. Postel, and D. C. Andrei. 
“Compression of biocompatible liquid-filled HAS-alginate capsules: Determination 
of the membrane mechanical properties.” Biotechnology and Bioengineering,  2003: 
207-212.  
[41] Fery, A., and R. Weinkamer. “Mechanical properties of micro-and nanocapsules: 
Single-capsule measurements.” Polymer,  2007: 7221-7235. 
[42] Chen, P. W., J. Brignoli, and A. R. Studart. “Mechanics of thick-shell microcapsules 
made by microfluidics.” Polymer, 2014: 6837-6843. 
[43] Viklund, C., E. Ponten, B. Glad, K. Irgum, P. Horstedt, and F. Svec. ““Molded” 
Macroporous Poly(glycidyl methacrylate-co-trimethylolpropane trimethacrylate) 
Materials with Fine Controlled Porous Properties: Preparation of Monoliths Using 
Photoinitiated Polymerization.” Chem. Mater., 1997: 463-471. 
[44] Rosenberg, J., and P. Flodin. “Macroporous Gels. 1. Polymerization of 
Trimethylolpropane Trimethacrylate in Toluene.” Macromolecules, 1986: 1543-
1546. 
[45] Schmid, A., L. Kulin, and P. FIodin. “Porosity determination of poly 
(trimethylolpropane trimethacrylate) gels.” Makromol. Chem., 1991: 1223-1234. 
[46] Zhmud, B. “Viscosity Blending Equations.” Lube, 2014: 24-29. 
[47] Lederer, E. L. “Zur Theorie der Viskosität von Flüssigkeiten.” Kolloid-Beihefte, 
1931: 270-338. 
[48] Einstein, A. Investigation on the theory of brownian movement. New York City: 




[49] Reinholdsson, P., T. Hargitai, R. Isaksson, and B. Tornell. “Preparation and 
properties of porous particles from trimethylolpropane trimethacrylate.” Die 
Angewandte Makromolekulare Chemie, 1991: 113-132. 
[50] Davidson, J. A., and D. E. Witenhafer. “Particle structure of suspension poly (vinyl 
chloride) and its origin in the polymerization process.” Journal of Polymer Science: 
Polymer Physics Edition, 1980: 51-69. 
[51] Törnell, B., and J. Uustalu. “Formation of primary particles in vinyl chloride 
polymerization.” Journal of Applied Polymer Science, 1988: 63-74. 
[52] Nicolson, P., and J. Vogt. “Soft contact lens polymers: an evolution.” Biomaterials, 
2001: 3273-3283. 
[53] Rayleigh, L. “On waves propagated along the plane surface of an elastic solid.” 
Proceedings of the London Mathematical Society Longdon: LMS publisher, 1885. 
4-11. 
[54] Arbaham, F., and H. Gao. “How fast can cracks propagate?” Physics Review Letters, 
2000: 3113-3116. 
[55] Spriggs, R. M. “Expression for effect of porosity on elastic modulus of 
polycrystalline refractory materials, particularly aluminum oxide.” Journal of the 
American Ceramic Society, 1961: 628-629. 
[56] Phani, K. K., and S. K. Niyogi. “Young's modulus of porous brittle solids.” Journal 
of Materials Science, 1987: 257-263. 
[57] Lide, D. R. CRC handbook of chemistry and physics: a ready-reference book of 
chemical and physical data. Boca Raton, FL: CRC Press, 1997. 
[58] Truskey, G., F. Yuan, and D. Katz. Transport phenomena in biological systems. New 
Jersey: Prentice Hall, 2009. 
[59] Strathmann, H., K. Kock, P. Amar, and G. W, Baker. “The formation mechanism of 
asymmetric membranes.” Desalination, 1975: 179-203. 
[60] Kang, Y. S., H. J. Kim, and U.Y. Kim. “Asymmetric membrane formation via 
immersion precipitation method. I. kinetic effect.” Journal of Membrane Science, 
1991: 219-232. 
[61] Menut, P., Y. S. Su, W. Chinpa, C. Pochat-Bohatier, A. Deratani, D. M. Wang, P. 
Huguet, C. Y. Kuod, J. Y. Laid, C. Dupuya. “A top surface liquid layer during 
membrane formation using vapor-induced phase separation (VIPS)—Evidence and 




[62] Pistel, K.F., and T. Kissel. “Effects of salt addition on the microencapsulation of 
proteins using W/O/W double emulsion technique.” Journal of Microencapsulation, 
2000: 467-483. 
[63] van de Witte, P., P. J. Dijkstra, J. W. A. van den Berg, and J. Feijen. “Phase 
separation processes in polymer solutions in relation to membrane formation.” 
Journal of Membrane Science, 1996: 1-31. 
[64] Altena, F. W., and C. A. Smolders. “Calculation of liquid-liquid phase separation in 
a ternary system of a polymer in a mixture of a solvent and a nonsolvent .” 
Macromolecules, 1982: 1491-1497. 
[65] Reuvers, A. J., J. W. A. van den Berg, and C. A. Smolders. “Formation of membranes 
by means of immersion precipitation part I. a model to describe mass transfer during 
immersion precipitation.” Journal of Membrane Science, 1987: 45-65. 
[66] Freiberg, S., and X. X. Zhu. “Polymer microspheres for controlled drug release.” 
International Jounral of Pharmaceutics, 2004: 1-18. 
[67] Fuwa, K., and B. L. Valle. “The physical basis of analytical atomic absorption 
spectrometry. The pertinence of the Beer-Lambert law.” Analytical Chemistry, 1963: 
942-946. 
[68] Momentive Inc. Momentive.com-EPON Resin 825. September 1, 2005. 
http://www.momentive.com/Products/TechnicalDataSheet.aspx?id=3936 (accessed 
September 1, 2011). 
[69] Meeks, A. C. “Fracture and mechanical properties of epoxy resins and rubber-
modified epoxy resins.” Polymer, 1974: 675-681. 
[70] Bouchemal, K., S. Briançon, E. Perrier, H. Fessi, I. Bonnet, and N. Zydowicz. 
“Synthesis and characterization of polyurethane and poly(ether urethane) 
nanocapsules using a new technique of interfacial polycondensation combined to 
spontaneous emulsification.” International Journal of Pharmaceutics, 2004: 89-100. 
[71] Air Products and Chemicals Inc. Intelimer 13-6 Data Sheet. March 15, 2011. 
http://www.airproducts.com/~/media/downloads/i/intelimer-13-6/data-sheets/en-
intellimer-13-6-polymer-datasheet-165-11-004-glb.pdf?tradeName=Intelimer-
8600-Formulating-Guides&I (accessed March 15, 2015). 
[72] Iwamoto, S., W. Kai, A. Isogai, and T. Iwata. “Elastic modulus of single cellulose 
microfibrils from tunicate measured by atomic force microscopy.” 
Biomacromolecules, 2009: 2571-2576. 
[73] Moon, R. J., A. Martini, J. Nairn, J. Simonsen, and J. Youngblood. “Cellulose 
nanomaterials review: structure, properties and nanocomposites.” Chemical Society 




[74] Hasani, M., E. D. Cranston, G. Westman, and D. G. Gray. “Cationic surface 
functionalization of cellulose nanocrystals.” Soft Matter, 2008: 2238-2244. 
[75] Dong, X. M., J. -F. Revol, and D. G. Gray. “Effect of microcrystallite preparation 
conditions on the formation of colloid crystals of cellulose.” Cellulose, 1998: 19-32. 
[76] Urena-Benavides, E. E., G. Ao, V. A. Davis, and C. L. Kitchens. “Rheology and 
phase behavior of lyotropic cellulose nanocrystal suspensions.” Macromolecules, 
2011: 8990-8998. 
[77] Derakhshandeh, B., G. Petekidis, S. Shafiei Sabet, W. Y. Hamad, and S. G. 
Hatzikiriakos. “Ageing, yielding, and rheology of nanocrystalline cellulose 
suspensions.” Journal of Rheology, 2013: 131-148. 
[78] Shafiei Sabet, S., W. Y. Hamad, and S. G. Hatzikiriakos. “Rheology of 
nanocrystalline cellulose aqueous suspensions.” Langmuir, 2012: 17124-17133. 
[79] Shirk, K., C. Steiner, J. W. Kim, M. Marquez, and C. J. Martinez. “Assembly of 
colloidal silica crystals inside double emulsion drops.” Langmuir, 2013: 11849-
11857. 
[80] Ye, C., L. Kennedy, K. Shirk, U. M. Córdova-Figueroa, J. Youngblood, and C. J. 
Martinez. “CNC hydrogel particles generated from single and double emulsion 
drops.” Green Materials , 2014: 1-35. 
[81] Evans, K. E., and A. G. Gibson. “Prediction of the maximum packing fraction 
achievable in randomly oriented short-fibre composites.” Composite Science and 
Technology , 1986: 149-162. 
[82] Williams, S. R., and A. P. Philipse. “Random packings of spheres and 
spherocylinders simulated by mechanical contraction.” Physical Review E , 2003: 
051301. 
[83] Odriozola, G. “Revisiting the phase diagram of hard ellipsoids.” Journal of Chemical 
Physics, 2012: 134505. 
[84] Li, W., J. Greener, D. Voicu, and E. Kumacheva. “Multiple modular microfluidic 
(M3) reactors for the synthesis of polymer particles.” Lab on a Chip, 2009: 2715-
2721. 
[85] Kim, S., J. Kim, D. Kim, S. Han, and D. A. Weitz. “Enhanced-throughput production 
of polymersomes using a parallelized capillary microfluidic device.” Microfluidic 
Nanofluidic, 2013: 509-514. 
[86] Nisisako, T., T. Andoa, and T. Hatsuzawaa. “High-volume production of single and 
compound emulsions in a microfluidic parallelization arrangement coupled with 




[87] Vladisavljevic ́, G. T., I. Kobayashi, and M. Nakajima. “Effect of dispersed phase 
viscosity on maximum droplet generation frequency in microchannel emulsification 
using asymmetric straight-through channels.” Microfluidic Nanofluidic, 2011: 1199-
1209. 
[88] Kobayashi, I., Y. Wada, K. Uemura, and M. Nakajima. “Microchannel 
emulsification for mass production of uniform fine droplets: integration of 
microchannel arrays on a chip.” Microdluidic Nanofluidic, 2010: 255-262. 
[89] Haas, P. “Formation of Uniform Liquid-Drops by Application of Vibration to 
Laminar Jets.” Industrial & Engineering Chemistry Research, 1992: 959-967. 
[90] Whelehan, M., and I. Marison. “Microencapsulation using vibrating technology.” 


















Congwang Ye was born in Wenzhou, Zhejiang, China in 1985 and was raised up at the 
same city. His father, Runhui Ye, was the chief engineer of the R&D lab in a chemical 
factory, and his mother, Hongping Ye, was a special-grade English teacher in the local high 
school. Both of them have greatly influenced his development and future career path. He 
graduated from high school in 2004 and left his hometown to attend the college in 
Hangzhou, Zhejiang. During the four years in Zhejiang University, he participated in three, 
and was in charge of two research projects, exploring different areas of material science. 
In addition, he was active in soccer, basketball and other sports, and played in the college 
soccer team. When he graduated with his Bachelor’s degree, he decided to pursue advanced 
degrees in Purdue University. In 2008, he joined the Soft Materials group under the 
supervision of Dr. Carlos Martinez, working on the development of microfluidic-based 
emulsion systems for core-shell structure generation, and encapsulation of reactive 
chemicals to solve industrial challenges. Other than doing research, he was the teaching 
assistant for three courses and also volunteered in a couple of organizations during his spare 
time. In 2010, he married his former junior high classmate, Shuang Ye. Two years later, 
their daughter, Amelia, was born in West Lafayette, IN. Congwang will graduate from 
Purdue University in May 2015, and then continue his research as a post-doc fellow in 
areas related to encapsulations and particle analysis.
